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Resum

Les inundacions séon un dels principals desastres naturals al mén ja que causen molts impactes
economics i humans. L’avaluaci6 dels danys de les inundacions a ’area Mediterrania és essencial,
principalment degut a la seva gran susceptibilitat al canvi climatic. La majoria d’inundacions
que afecten 'oest del Mediterrani soén inundacions d’aigua superficial que poden produir danys
catastrofics. Aquest tipus d’inundacions estan causades per episodis de precipitacié intensa,
per tant, I’analisi de les relacions entre la precipitacio i els danys produits per les inundacions
esdevé de vital importancia per poder entendre aquest tipus d’episodis.

L’objectiu general d’aquesta tesis és analitzar els danys per inundacions que es produeixen
a dues regions Mediterranies: Catalunya i la Comunitat Valenciana, les quals es veuen fre-
qlientment afectades per episodis de precipitacié intensa, aixi com estimar els canvis en aquests
danys tenint en compte tant les projeccions futures de canvi climatic com diferents escenaris
socioeconomics. Per assolir aquest proposit, el treball s’ha dividit en els segiients objectius

especifics:

e Identificar els episodis d’inundacions que han afectat les regions d’estudi
e [stimar la relacié entre la precipitacio i els danys de les inundacions en el clima present

e Analitzar els canvis en els extrems de precipitacié considerant diferents projeccions de

canvi climatic
e Avaluar els canvis en 'exposicio a les regions d’estudi

e Estimar les variacions en els danys de les inundacions degut al canvi climatic i a diferents

projeccions climatiques i escenaris socioeconomics

En primer lloc, s’ha analitzat la relacié entre la precipitacié intensa i els danys per inunda-
cions estimats a partir de dades d’asseguradores, subministrades pel consorci de compensacions
d’assegurances (Consorcio de Compensacion de Seguros, CCS). A més de les dues regions
d’estudi mencionades anteriorment, també s’ha realitzat ’analisi en una area urbana altament
vulnerable com és 1’ Area Metropolitana de Barcelona (MAB). L’estudi comprén el periode 1996-
2015. S’han provat diferents models de regressio logistica que estimen la probabilitat que tinguin
lloc episodis d’inundacions amb grans danys donada una quantitat de precipitacié determinada
i considerant altres variables relacionades amb l'exposicio del territori. El diagrama ROC (Rel-

ative Operating Characteristic), concretament I'indicador de I'area sota la corba ROC (RA),
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s’ha utilitzat per validar els models generats. Després de realitzar analisis de correlacions i de-
senvolupar diferents models de regressio logistica simple i miltiple, els resultats han demostrat
que els models lineals mixtes generalitzats (Generalized Linear Mixed Models, GLMM) son la
metodologia més apropiada per estudiar la relacié entre la precipitacio i els danys causats per
les inundacions. La probabilitat de que tingui lloc un episodi d’inundacions amb grans danys
augmenta amb la precipitacio i la poblacié de la conca. Per les dues regions d’estudi, els valors
RA indiquen que el nostre model té un bon rendiment, amb valors propers a 1 en tots els casos.
A més a més, s’ha demostrat que la precipitacié enregistrada en 30 minuts és un millor predic-
tor de la probabilitat de danys importants produits per inundacions que la precipitaci6 diaria,
tot i que aquest tipus d’informacié no sempre esta disponible. Aquests resultats justifiquen la
importancia dels episodis curts de precipitacions intenses en la generaci6é d’inundacions urbanes
i sobtades (flash floods) a les regions d’estudi, que constitueixen un exemple paradigmatic del
nord-oest del Mediterrani. En general, els nostres resultats sobre la relacié entre els danys
d’inundacions i les seves causes en el clima actual, han confirmat la hipotesi que la precipitacio
és un factor clau per explicar els danys causats per episodis d’inundacions en regions on les
inundacions d’aigua superficial son el principal tipus, com és el cas de les dues regions d’estudi
Mediterranies. A més a més, els resultats demostren la importancia d’incorporar variables que
proporcionen informacié sobre 'exposicio del territori (és a dir, la poblacio) a ’hora d’explicar
els danys produits per les inundacions.

Per una altra banda, s’han analitzat els canvis projectats en els extrems de precipitacié
per la peninsula Ibérica considerant I'escenari RCP (Representative Concentration Pathway)
8.5 1 un conjunt de set simulacions del projecte EURO-CORDEX que comprenen el periode
1976-2100. S’han calculat diferents indexs climatics per estimar els canvis en la precipitacio
quan s’assumeix un escalfament global de 1,5, 2 i 3 °C per sobre dels nivells preindustrials.
Els resultats mostren una disminucié general de la precipitacié total anual i un augment del
nimero de dies sense pluja a la majoria de la Peninsula. Aquest augment s’accentua quan es
consideren nivells d’escalfament més alts i durant els mesos d’estiu. En el cas de la precipitacio
extrema, s’han observat augments, amb ’escalfament global, de la precipitaci6 maxima diaria
i de I'enregistrada en 5 dies consecutius, aixi com del nombre de dies amb precipitacié diaria
per sobre dels 40 mm, principalment durant els mesos de tardor i hivern i al nord i nord-est de
la peninsula Ibérica.

Finalment, s’han avaluat els canvis en la probabilitat que es produeixin episodis d’inundacions
amb grans danys a les dues regions d’estudi quan es considera un escalfament global d’1,5, 21 3
°C i es tenen en compte diferents projeccions climatiques i escenaris socioeconomics. Per dur-ho
a terme, s’ha utilitzat el model estadistic climatic anteriorment desenvolupat que relaciona la
precipitacio, la poblaci6 i els danys produits per les inundacions, per avaluar les condicions
climatiques futures. S’han incorporat en el model les dades de precipitacié diaries dels set
models climatics préviament utilitzades i les dades de projeccions de poblacié basades en cinc
escenaris socioeconomics diferents (Shared Socioeconomic Pathways, SSPs). Els resultats han

mostrat que hi ha un augment general de la probabilitat de que es produeixin inundacions amb

iv



danys grans a la majoria de casos i per ambdues regions d’estudi, sent més accentuada en el
cas de Catalunya. Aquest canvi és major quan es considera un nivell d’escalfament superior
i per percentils de danys més alts. A més a més, la probabilitat augmenta quan es tenen en
compte tant els canvis en la precipitacié com en la poblacio.

Els nostres resultats ressalten que, quan es tracta d’analitzar els danys de les inundacions,
és molt important tenir en compte tant el canvi climatic com també les condicions socioe-
conomiques. A més a més, els resultats mostren que limitar I'escalfament global esdevé una

necessitat per minimitzar les conseqiiéncies dels episodis d’inundacions a la zona d’estudi.






Abstract

Flooding is one of the main natural hazard in the world causing huge economic and human
impacts. Assessing the flood damage in the Mediterranean region is of great importance,
mainly due to its pronounced sensitivity to climate change. A large number of floods affecting
the western Mediterranean region of study are surface water floods that can cause catastrophic
damage. These floods are caused by intense precipitation events, thus, in order to understand
properly these type of events, the analysis of the relationship between precipitation and flood
damage is crucial.

The overall objective of this thesis is to analyse flood damages in two Mediterranean regions,
namely Catalonia and the Valencian Community, frequently affected by intense precipitation
events, as well as to estimate their changes when future climate change projections and different
socioeconomic scenarios are considered. To achieve this goal, this work has been divided in the

following sub-objectives:

e Identify the flood events that have affected the regions of study

Estimate the relationship between precipitation and flood damage for the present climate

Analyse changes in precipitation extremes considering different climate change projections

Assess the changes in the exposure of the regions of study

Estimate flood damage variations due to global warming and considering different climate

projections and socioeconomic scenarios

To do this, the relationship between heavy precipitation and flood damage estimates from
insurance datasets, provided by the Spanish Insurance Compensation Consortium (Consorcio
de Compensacion de Seguros, CCS), have been analysed. Other than for the above mentioned
two areas of study, this analysis was performed for the Metropolitan Area of Barcelona (MAB),
a highly vulnerable urban area. The study period covers 1996-2015. Several regression models
have been tested in order to gauge the probability of large damaging events occurring given a
certain precipitation amount and taking into account other variables related to the exposure of
the territory. The Relative Operating Characteristic (ROC) diagram has been used to validate
the models, specifically the area under the ROC curve (RA) indicator. After testing correlation
analyses and simple and multiple logistic regression models, results have shown that Generalized

Llinear Mixed Models (GLMM) are the most appropriate tool for studying the relationship
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between precipitation and flood damage. The probability of a damaging flood event increases
with precipitation and population of the basin. For both regions of study, the RA values indicate
that our model has a good performance, with values close to 1 in all cases. Moreover, 30-min
precipitation data proved to be a better predictor of the probability of large damages than daily
precipitation, however, this type of information is not always available. These results justify
the importance of short and intense precipitation events in flash and urban floods in the regions
of study, which constitute a paradigmatic example of the north-western Mediterranean region.
Overall, our results regarding the relationship between flood damage and their causes in the
present climate have confirmed the hypothesis that precipitation is a key factor in explaining
the damage caused by flood events in regions in which surface water floods are the main type
of flood, as is the case of both Mediterranean regions of study. Furthermore, when it comes to
explaining flood damage, the results point towards the benefit of incorporating variables that
provide information about the exposure of the territory (i.e. population).

On the other hand, we have analysed the projected changes in precipitation extremes in the
Iberian Peninsula considering the Representative Concentration Pathway (RCP) 8.5 scenario
and an ensemble of seven EURO-CORDEX simulations spanning the period 1976-2100. In order
to do this, different climate indices were calculated to estimate the changes in precipitation
assuming global warming scenarios of 1.5, 2 and 3 °C above preindustrial levels. Results show
a general decrease of the total annual precipitation and an increase in the length of dry spell
in most of the Peninsula. This increase accentuates with higher levels of global warming and
during summer months. In terms of heavy precipitation, we have found increases with global
warming in the maximum 1-day and consecutive 5-day precipitation indices as well as in the
number of days with precipitation exceeding 40 mm, especially during the months of autumn
and winter and in the north and north-east of the Iberian Peninsula.

Finally, changes in the probability of occurrence of damaging flood events have been assessed
for both regions when considering a global warming of 1.5, 2 and 3 °C and taking into account
different climate projections and socioeconomic scenarios. To do this, the previously developed
statistical climate model that links precipitation, population and flood damage estimates, has
been used to assess future climate conditions. The daily precipitation data from the seven
climate models used previously and population projections based on five different socioeconomic
scenarios (Shared Socioeconomic Pathways, SSPs) were incorporated into the model. Results
have shown a general increase in the probability of a damaging event for most of the cases
and in both regions of study, being higher in the case of Catalonia. This change is usually
larger when greater warming is considered and for higher percentiles of damage. Moreover, the
increase in probability is larger when both climate and population changes are included.

Our findings highlight that, when it comes to flood damage analysis, it is crucial not only
to account for climate change but also consider socioeconomic conditions. Furthermore, results
show that limiting global warming is a must in order to minimise the consequences of flood

events in the study area.
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Chapter 1

Introduction

1.1 Motivation

Floods are one of the most damaging natural hazards that account for the majority of all
economic losses due to natural hazards worldwide (UNISDR, 2015). On average, between
2001 and 2010, floods and other hydrological events accounted for more than 50 % of all
disasters (Guha-Sapir et al., 2012). Between 2005 and 2014 more than 85 million people were
directly affected annually by flood and around 6,000 people lost their lives due to these events
(UNISDR, 2015). Therefore, the knowledge of the flood phenomenon and its consequences is
crucial for the development of flood control, risk reduction, improvement of resilience, and flood
management in general. The main purpose of risk analysis is to understand and measure the
possible consequences associated with the occurrence of flooding in areas occupied by vulnerable
systems (Elmer et al., 2010).

In Spain, floods represent a 69.4 % of the total compensation paid by the Spanish public
reinsurer, Consorcio de Compensacion de Seguros (CCS), for extraordinary risks in Spain. CCS
is a public institution that compensates homeowners for damage caused by floods, playing a
role similar to that of a reinsurance company (Barredo et al., 2012). Between 1987 and 2017 the
CCS paid around 5,000 M Euro in compensation due to these events (CCS, 2018). Catalonia
and the Valencian Community, both in the western Mediterranean, are frequently affected by
highly localised convective rainfall events that cause highly damaging floods (Llasat et al.,
2016b). The most catastrophic flood event that took place in Catalonia (and in Spain) was
the flash flood occurred in September 1962, which recorded more than 200 mm in less than 3
h and caused 815 deaths (Llasat et al., 2005; Martin-Vide and Llasat, 2018). In the Valencian
Community, more than 40 people lost their lives in the flood event of October 1982 (EM-DAT,
2018) when the Tous damn, on Jucar river, collapsed producing a major flood of 10,000 m? s of
water (Serra-Llobet et al., 2013). Table 1.1 shows the three most catastrophic events recorded in
each of these regions over the last 50 years based on the total insurance compensation received
according to CCS (CCS, 2018).

Not all damages are caused by the same type of flood. There are different types of flooding

and several classifications exist. According to Pitt et al. (2008) 4 main types can be found.
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’ Date ‘ Region ‘ Total compensation
October 1982 Valencian Community 226
November 1982 Catalonia 60
November 1987 Valencian Community 289
October 1994 Catalonia 80
September 2006 Catalonia 68
October 2007 Valencian Community 98

Table 1.1: Most catastrophic flood events according to CCS for Catalonia and the Valencian Commu-
nity (1971-2018) with the total compensation paid by CCS (M Euro)

River or fluvial floods are the most known type, which occur as a result of water overflowing
from river channels. In contrast, pluvial floods are caused by intense rainfall that cannot be
drained by natural or artificial drainage systems and is directed towards a watercourse, but
does not originate from it nor has reached it (Bernet et al., 2017). Several authors distinguish
between pluvial and Surface Water Floods (SWF). SWF can be regarded as coming under
the most general definition of rainfall-related floods (Bernet et al., 2017), including pluvial
floods but also flooding from sewer systems, small open channels, diverted watercourses or
groundwater springs (Falconer et al., 2009). Coastal floods occur when the sea level rises above
the level of coastal land (Pitt et al., 2008). Finally, groundwater floods result when the level
of water underground rises and water emerges above the natural surface (Pitt et al., 2008).
Nevertheless, other types of floods related to one or more of the main types described above
can be found. For example, the term "flash flood" refers to both fluvial and SWF triggered by
intense, short, and local precipitation events in small and torrential catchments. The type of
flooding depends on the meteorological, topographical, and geological features of the region.
In the Mediterranean, most of the floods are flash floods (Llasat et al., 2014a). This is a
consequence of the presence of small and medium-sized torrential catchments, and the character-
istics of the Mediterranean region that favour the development of very heavy precipitation. The
Mediterranean region currently lies in a transition zone between mid-latitude and sub-tropical
atmospheric circulation regimes. It is characterised by a complex morphology of mountain
chains and strong land-sea contrasts, a dense and growing human population and various en-
vironmental pressures (Cramer et al., 2018). This results in interactions and feedback between
ocean-atmosphere-land processes that play a prominent role in the climate and hydrological
cycle, including in the high-impact weather events that frequently affect the region (Ducrocq
et al., 2016). In the region, intense precipitation events constitute a real danger to the popula-
tion. Heavy precipitation, sometimes associated with strong winds, can cause floods with dire
consequences for people and the environment (Fourrie et al., 2016) particularly during the au-
tumn season. The relief surrounding the Mediterranean Sea forces the convergence of low-level
atmospheric flows and the uplift of warm wet air masses that drift from the Mediterranean Sea
to the coasts, thereby creating active convection. In addition, population growth is particu-
larly high along the Mediterranean coasts, leading to a rapid increase in urban settlements and
populations exposed to flooding (Gaume et al., 2016). A large number of floods affecting the

western Mediterranean region of study are SWF that can cause catastrophic damage (Llasat
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et al., 2014a, 2016b; Cortes et al., 2018). The majority of these flood events are caused by
intense and short-lived rainfall rather than river overflow (Llasat et al., 2016b). River floods
that affect great distances are, nowadays, very rare in the region, and are only related to catas-
trophic and extended floods. Nevertheless, these are usually absorbed by reservoirs. SWF have
received increasing attention in the recent years, however there is still few studies that deal
with it, mainly due to the limitation in the availability of data. Spekkers (2015) mentioned the
lack of data and the impact on small spatial scales as possible explanations of why relatively
little scientific research has been dedicated to SWF in comparison to fluvial floods.

Over the past 60 years, the frequency and intensity of heavy rainfall events has increased
in many parts of the world (Hartmann et al., 2013) and it is likely that it will continue to grow
in the next decades as a consequence of climate change (Kirtman et al., 2013). In the last
years, much research has focused on the study of climate change in the Mediterranean region,
an area that is identified as highly vulnerable to climate change according to the Fifth Assess-
ment Report of the Intergovernmental Panel on Climate Change (Pachauri et al., 2014). This
is the case of The Hydrological cycle in the Mediterranecan Experiment (HyMeX) (Drobinski
et al., 2014), which is a 10-year international programme in which the present doctoral thesis
has been partially developed. This project aims for a better understanding and quantifica-
tion of the hydrological cycle and related processes in the Mediterranean Sea. It focuses on
high-impact weather events, inter-annual to decennial variability of the Mediterranean coupled
system, and associated trends in the context of global climate change (for more information
see http://www.hymex.org). Some studies framed within the HyMeX project have found an
increase in precipitation extremes with global warming in the Mediterranean region (Colmet-
Daage et al., 2018; Drobinski et al., 2018), although a general decrease in the annual precipi-
tation is projected (Jacob et al., 2014; Cramer et al., 2018; Sillmann et al., 2013; Rajczak and
Schér, 2017). Cramer et al. (2018) state that future warming in the Mediterranean region is ex-
pected to exceed global mean rates by 25 %, with peaks of 40 % in summer. Furthermore, flood
risk associated with extreme precipitation events is expected to increase not only due to climate
change in this area, but also due to non-climatic factors such as increasingly sealed surfaces in
urban areas and ill-conceived storm-water management systems (Cramer et al., 2018). Flood
disasters are the result of both societal and climatological factors, hence several other drivers
other than climate must be considered for the assessment of flood-damage trends (Barredo,
2009). Several studies show the need to include exposure and vulnerability changes in future
risk projections, which clearly contribute substantially to changing risks (Bouwer, 2011). For
instance, Barredo et al. (2012) find no significant trend in adjusted insured flood losses between
1971 and 2008, pointing towards increasing concentrations and values of assets as the principle
cause of the increasing damages and losses from natural disasters. A large number of researchers
are making efforts to create methodologies that are able to analyse the impacts of floods, due
to the significant consequences of this phenomenon (Messner and Meyer, 2006; Garcia et al.,
2014). Indeed, progress is being made on incorporating impact and vulnerability analyses in

flood risk assessment, although the limitations of the impact data (availability and quality)
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make it challenging (Elmer et al., 2010; Petrucci, 2013; Jongman et al., 2014; Papagiannaki
et al., 2015; Thieken et al., 2016; Kreibich et al., 2017).

In this context, the question of how climate change will affect damages caused by floods
arises. This was the aim of the Spanish Project HOPE (CGL2014-52571-R), to which this
pre-doctoral fellowship and thesis are associated. This thesis has also contributed to the M-
CostAdapt project (CTM2017-83655-C2-R) providing the databases on floods and damages,
the methodology to estimate impacts from precipitation and exposure, and part of the future
scenarios. To answer this question the first step is to solve the problem of the estimation of
flood damage. The economic evaluation of flood damage plays an important role in decision-
making processes. There are different data sources that can potentially be used for the analysis
of flood damage, being insurance data a good proxy (Gradeci et al., 2019; Barredo et al.,
2012). These data often contain many claim records that have been collected continuously
in time. Several recent works have used this type of data to explore the causes and impacts
of floods. For instance, in some Furopean regions researchers have noted that precipitation
has a significant influence on flood insurance data (see, for instance, Spekkers et al., 2013,
2015 for the Netherlands; Zhou et al., 2013 for Denmark; Sampson et al., 2014 for Ireland;
Moncoulon et al., 2014; Bihan et al., 2017 for France; Torgersen et al., 2015 for Norway; Bernet
et al., 2017; Zischg et al., 2018 for Switzerland). These data are very valuable for establishing
causal relationships between precipitation extremes and the costs of flood damage, for the
development of risk maps, and to be used as a validation tool for damage models (Zhou et al.,
2013). These studies note the potential of insurance data for describing economic damages
caused by SWF and urban floods. However, there are still few studies that relate flooding with
insurance data, mainly due to the reluctance of the insurance companies to share their data, in
some cases due to confidentiality restrictions (André et al., 2013; Leal et al., 2019). However, in
the Mediterranean region 20 years of flood-related insurance damage claims are available from
the Spanish public reinsurer (CCS), for the Spanish regions of Catalonia and the Valencian
Community. This means that an assessment of the links between precipitation and impacts is
possible.

Taking into account that the most common flood events that affect the regions of study are
caused by intense precipitation events, it is expected that flood insurance data will correlate
strongly with precipitation and SWF. For this reason, in this thesis, insurance data are used
as a proxy for flood damage.

Considering the above points, this work is based on three main hypotheses.
1. Precipitation is the main hazard driver of the damage produced by surface water floods.
2. Insurance data provide a good proxy for describing flood damage.

3. The relationship between precipitation and insurance data assessed in the present climate

can be applied to estimate the probability of flood damage in the future.
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1.2

Objectives

1.2.1 Open questions

In spite of several advances, the analysis of flood damage remains a major challenge due to its

complexity which depends on several factors and data availability. To overcome these challenges,

some questions arise that are to be addressed in this thesis:

Is it possible to explain flood damages from precipitation?
What other variables can predict damages caused by surface water floods?

What is the best methodology to assess the relationship between these variables and flood

damage?
What are the projected changes in extreme precipitation with global warming scenarios?

Will changes in precipitation and exposure increase flood damage in the regions of study?

1.2.2 Objectives of the thesis

According to the previous discussion, the overall objective of this thesis is to analyse flood

damages in two Mediterranean regions frequently affected by intense precipitation events and

to estimate their changes when future climate change projections and different socioeconomic

scenarios are considered. To achieve this goal, this work has been divided in 5 different sub-

objectives:

1.

Identify the flood events that have affected the regions of study (Catalonia
and the Valencian Community). First of all, a characterisation of the flood events
that comprise the flood database is needed. This requires an analysis of their spatial
distribution considering the basins affected and the collection of the information related

to hazard, exposure, vulnerability, and damage of each flood event.

Estimate the relationship between precipitation and flood damage for the
present climate. The final goal of this sub-objective is to develop a robust model that
is able to estimate the probability of flood damage given a certain precipitation amount

and other variables related to the exposure of the region.

Analyse changes in precipitation extremes considering different climate change
projections. We will estimate the changes in several extreme precipitation indices assum-
ing a global warming of 1.5, 2 and 3 °C above preindustrial levels and using a multi-model
ensemble of EURO-CORDEX simulations.

Assess the changes in the exposure of the regions of study. We will estimate
the changes in the exposure (i.e. population) considering five different narratives that

describe possible alternative socio-economic developments in the future.
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5. Estimate flood damage variations due to global warming and considering dif-
ferent climate projections and socioeconomic scenarios. This last sub-objective of
the thesis brings together all findings obtained in objectives 1-4, considering that the final
goal is to estimate changes in the probability of lood damage with global warming of 1.5,
2 and 3 °C above preindustrial levels while considering different socioeconomic scenarios,

by using the relationships found in the damage model developed for the present climate.

1.3 Methodological framework and outline of the thesis

Figure 1.1 summarises the general methodology of the thesis (further details of the specific
methodology are given in each of the following chapters). After the introduction, the state-of-
the-art (Chapter 2) provides a review in the field of flood risk assessment. Chapter 3 describes
the regions of study and the data used. The analysis of the flood events that have affected
the regions of study as well as the relationships between precipitation and damage produced
studied by using different regression models, are described in Chapters 4, 5 and 6. In Chapter
7, the changes in the extremes of precipitation based on an ensemble of future climate change
simulations of the EURO-CORDEX project (Jacob et al., 2014) are analysed for the entire
Iberian Peninsula. The regression models developed in Chapters 4, 5 and 6 for the present
climate (in particular those developed in Chapter 6) allow to estimate the probability of future
flood damage, taking into account not only future precipitation data (analysed in Chapter 7),
but also different socioeconomic projections (described in Chapter 8). Finally, the doctoral
thesis ends with a last chapter summarising the conclusions drawn from the different chapters

of the study and suggesting possible lines of future research (Chapter 9).
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Chapter 2

State-of-the-Art review of flood risk

analysis

Abstract

This chapter provides a review of the field of flood risk research. The chapter has been divided
into three main sections. The first part is a review of the main methodologies applied in the
study of the impact of floods. In addition, a compilation of the most commonly used indicators
to assess the risk of these events and to estimate their damage is presented in table format.
The second part includes a synthesis of the trends in extreme precipitation events and floods
at global, regional and local scale. Finally, the last section of the chapter summarises the main

ideas extracted from this review.

2.1 Analysis of flood impacts

2.1.1 Holistic approach to flood study

The main factors involved in flood risk analysis are the hazard, or the likelithood of a natural
phenomenon causing damage, and the vulnerability, that is, the characteristics and circum-
stances of a community/system that make it susceptible to potential flood damage (UNISDR,
2009). Some studies such as Field et al. (2012) differentiate between exposure, the presence
of people; livelihoods; environmental services and resources; infrastructure; or economic, social,
or cultural assets in places that could be adversely affected and vulnerability, the propensity
or predisposition to be adversely affected. The vulnerability comprises a variety of concepts and
elements that include sensitivity or susceptibility to damage and lack of response capacity and
adaptation. The resilience is the ability of a system and its component parts to anticipate,
absorb, accommodate, or recover from the effects of a hazardous event in a timely and effi-
cient manner, including through ensuring the preservation, restoration, or improvement of its
essential basic structures and functions (Field et al., 2012).

The analysis of flood risk is very complex and needs to be addressed from a holistic per-
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spective using techniques that take into account all the factors involved, those related to the
dangerous nature of the phenomenon, those related to vulnerability and exposure and those
related to the impacts. Most studies analyse the risk of flooding from a top-down perspec-
tive, that is, from the nature of the phenomenon while leaving aside other factors. Currently,
progress is being made in incorporating the analysis of impacts, vulnerability and exposure
in the studies, although the lack of these data makes this challenging. The approach based
on the study of floods from impacts is called bottom-up (Garcia et al., 2014). An example is
the research carried out in relation to the recent catastrophic flood event that took place in
2013 and affected a large part of central Europe, which led to studies that, on the one hand,
analyse the determinant hydrometeorological factors that caused the episode and, on the other
hand, investigate the impacts that were produced (e.g. Schréter et al., 2015; Thieken et al.,
2016). Nevertheless, according to Merz et al. (2010), the analysis of flood risk continues to be
very unbalanced since, in comparison, much more attention is paid to the dangerousness of the

phenomenon than to its impacts.

2.1.2 Impact classification analysis
Types of damages

The damages can be classified as direct and indirect. Direct damages are those that occur with
the physical contact of the flood water with people, properties or other objects. On the other
hand, indirect damages take place, both in space and time, outside the flood event (Merz et al.,
2010). The two types of damages can, in turn, be classified into tangible and non-tangible,
depending on whether they can be valued in monetary terms. Most studies are based on direct
and tangible damages, but non-tangible and indirect ones are crucial for a complete evaluation
of the impacts caused by natural disasters (Petrucci, 2013). Indirect damages are more difficult
to estimate and only a few studies consider them (Elmer et al., 2010). For instance, some studies
apply a coefficient to the direct damages in order to estimate the indirect ones. Other example
are those that have developed indirect damage estimates considering several variables such as
the business cycle (Pfurtscheller and Schwarze, 2010), the loss of work hours (Thieken et al.,
2016) or the number of fire service operations done in flooded properties (Papagiannaki et al.,
2015). Tables 2.1-2.5 show the most commonly used damage indicators and some references of
studies that have used them. Table 2.1 presents those used for describing the hazard level of
the flood event, such as the maximum precipitation intensity recorded during the event. Tables
2.2 and 2.3 show examples of indicators applied for quantifying the tangible and non-tangible
direct damages, respectively. The most common indicators used for describing tangible and

non-tangible indirect damages are shown in tables 2.4 and 2.5, respectively.
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| Indicator | Threshold/definition | Unit Reference
Precipitation Maximum precipitation in 24 h, peak | mm; years; | Nasiri and
precipitation of the event, return period | % Shahmohammadi-
of the precipitation; precipitation per Kalalagh (2013); Barberia
basin; % of precipitation higher than et al. (2014); Amaro et al.
the monthly mean, etc. (2010); Petrucci et al.
(2012)
Precipitation inten- | Accumulated precipitation over 30 min | mm h'; | Nasiri and
sity (i.e.), return period of the precipitation | years Shahmohammadi-
for different accumulation intervals Kalalagh (2013); Barberia
et al. (2014); Petrucci
et al. (2012)
Affected area IDA—affected area/total area; Number | N° Petrucci (2013)
of affected municipalities
Event duration Number of days of the meteorological | Days Barberia et al. (2014);

event

Amaro et al. (2010

flood duration

Number of days or hours that the area
remains flooded

Hours; days

Merz et al );
Thieken et al. (2005);
Elmer et al. (2010)

(

)
Schroter et al. (2014);

(2013

(

Wind Coincidence of the flood event with | Days Barberia et al. (2014);
strong wind Amaro et al. (2010)
Depth of water Water level cm Dottori et al. (2016);
Schroter et al. (2014);
Escuder-Bueno et al.
(2012); Thieken et al.
(2005); Elmer et al
(2010)
Flooded surface Flooded area, or percentage related to | km?; % Petrucci et al. (2012)
the total
Flow Peak flow, unitary flow, peak | m® s!; m? | Dottori et al. (2016);
flow /mean flow 51 km? Schréter et al. (2014);
Escuder-Bueno et al.
(2012); Thieken et al.
(2005)
Contamination in- | From 0=no contamination to 6=high | - Schroter et al. (2014);
dicator contamination Merz et al. (2013);
Thieken et al. (2005)
Return period and | Precipitation, flow, flood volume Years Schroter et al. (2014);
occurrence proba- Merz et al. (2013);
bility Petrucci et al. (2012)

Wetness index

Number of consecutive precipitation
days before the flood event

Schraoter et al. (2015)

Table 2.1: Hazard indicators
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| Indicator | Threshold/definition | Unit | Reference
Public buildings Hospitals, schools, city councils, etc. N9 €; dam- | Cortées et al. (2017);
age level Petrucci and  Pasqua
(2009); Petrucci (2013)
Private buildings Private houses with one or more floors | N% €; dam- | Cortés et al. (2017);
age level Petrucci and  Pasqua
(2009)
Immovable  prop- | Affected buildings; bridges; km of | N9 km; Ha Petrucci (2013)
erty affected roads; hectares of agriculture affected
Loss rate Loss in buildings rate - Schroter et al. (2014);
Merz et al. (2013)
Bridges Bridges and footbridges affected by the | N2 €; dam- | Cortés et al. (2017);
event age level Petrucci and  Pasqua
(2009); Petrucci (2013)
Hydraulic infras- | Windmills, irrigation channels, km of | N2 km; €; | Cortés et al. (2017);
tructures affected dykes damage level | Petrucci and Pasqua
(2009); Petrucci (2013)
Communication Roads, highways, railways N9 €; km; | Cortées et al. (2017);
routes damage level | Petrucci and Pasqua
(2009); Petrucci (2013)
Vehicle Vehicles washed away or damaged by | N% €; dam- | Cortés et al. (2017);
water age level Petrucci and  Pasqua
(2009); Petrucci (2013)
Productive activi- | Industry, agriculture and livestock, | N9 €; dam- | Cortés et al. (2017);
ties commerce, tourist infrastructures age level Petrucci and  Pasqua
(2009); Petrucci (2013)
Emergency man- | Hour of emergency tasks; N° of calls to | Hours; N2 € | Cortés et al. (2017);
agement 112; N° of fire service operations Petrucci  (2013); Gain
et al. (2015); Papagian-
naki et al. (2015)
Requests received | Number of reports that the population | N° Barberia et al. (2014)
in  meteorological | requests from the meteorological service
services
Cleaning Cleaning tasks € Gain et al. (2015)
Damages by type of | Damage in agriculture, infrastructure, | Ha; € Gain et al. (2015), INUN-

land use

residences, commercial sector, indus-
tries

CAT, ACA

Table 2.2: Direct and tangible damage indicators

| Indicator | Threshold/definition | Unit Reference
Deaths Number Ne Llasat et al. (2013);
Petrucci (2013), EM-DAT
Injured Serious and slightly injured N© Cortées et al. (2017);
Petrucci (2013)
Evacuees Number of evacuees due to flooding N© Cortés et al. (2017);
Petrucci (2013)
Affected population | Population or population density for | N2 N2 km! | Barberia et al. (2014);
a given precipitation value; population Amaro et al. (2010);
with a runoff value greater than a given Petrucci et al. (2012),
value; population in impermeable soil; EM-DAT

density of population or total popula-
tion in an affected region, etc.

Table 2.3: Direct and non-tangible

12
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| Indicator | Threshold/definition | Unit | Reference \
Productive activi- | Agriculture, business, tourism, etc. | N2 Ha Cortés et al. (2017);
ties (e.g. lack of an essential product for Petrucci  (2013); Gain
the activity) et al. (2015)
Services cuts Gas, electricity, telephone lines, water | Hours Cortées et al. (2017);
Petrucci (2013)
Transit Losses due to traffic interruptions; loss | € Cortées et al. (2017);
of working hours, etc. Petrucci (2013)
Public transport Transport cuts €; Hours Cortés et al. (2017);
Petrucci (2013)
Accommodation of | According to the period of accommoda- | € Petrucci (2013)
the affected popula- | tion and the number of people accom-
tion modated
Restoration of ini- | Construction and restoration of affected | N¢; € Petrucci (2013)
tial conditions buildings, retaining walls, opening of
alternative routes, cleaning of affected
roads
Job losses Number of people without job due to | N° Cortés et al. (2017);
flooding Petrucci et al. (2012)
GDP Variation rate % Neumayer and Barthel
(2011)

Table 2.4: Indirect and tangible damage indicators

| Indicator | Threshold/definition | Unit | Reference
Psychological Due to: loss of a family member, in- | - Petrucci (2013)
effects jury of a family member, prolonged con-

dition of displaced people, temporary
condition of displaced people, loss of
personal belongings, use of alternative
roads, public services inefficiency, tem-
porary traffic delay

Tllness Propagation of diseases, contaminated | N® of af- | Gain et al. (2015)
water fected people

Loss of trust in au- | - - Merz et al. (2010)

thorities

NO of news Number of news related to the event NO Llasat et al. (2009)

Table 2.5: Indirect and non-tangible damage indicators

Scales of analysis

The spatial scale of a study based on impacts has to be defined from the start, since different
methods will be applied depending on it (Messner and Meyer, 2006). There are three main
spatial scales: micro-scale (local, based on the individual elements at risk), meso-scale
(regional, spatial aggregations such as different land-use zones) or macro-scale (large scales,
regions, countries, etc). The Flood-site guide carried out by Messner et al. (2007) provides good
guidelines for choosing the most convenient scale. For instance, the spatial scale used in the
FLEMOps model developed by Thieken et al. (2008) is the micro-scale, since the most relevant
factors contributing to flood damage caused to buildings are analysed. In contrast, most of the
administration works in meso-scale and namely at municipality level, but disaggregating the
economic damages by type of soil, as for example the Civil Protection of Catalonia and the

Catalan Water Agency (ACA). In macro-scale, the studies generally use indicators of economic
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value such as the Gross Domestic Product (Balbi et al., 2015). Table 2.6 summarises the 3
types of spatial scale used in flood damage assessments, with examples of studies in which they

have been applied.

| Scale | Definition | Methodology

Micro-scale

Based on single elements
at risk (e.g. buildings)

FLEMOps, FLEMOcs

Reference ‘
Elmer et al. (2010);
Thieken et al. (2005);

Kreibich et al. (2010)

Meso-scale Based on spatial aggrega- | INUNCAT, ACA, vulner- | Gain et al. (2015);
tions such as types of land | ability and/or impacts in- | Petrucci  (2013); Zhou
use dices et al. (2013); Balica et al.

(2012)

Macro-scale Damages in regions, coun- | GDP, inflation, per capita | Merz et al. (2010);
tries, etc. income, input-output | Barredo et al. (2012);

models Balbi et al. (2015); Gain

et al. (2015)

Table 2.6: Spatial scales used for flood damage assessments

Databases, criteria and thresholds

There are different global databases that collect information of natural disasters, including infor-
mation related to the damage caused (Barredo, 2009). The most extensively used databases are:
Emergency Events Database (EM-DAT, 2018), from the Centre of Research on Epidemi-
ology of Disasters (CRED) and the Natural Hazards Assessment Network (NATHAN,
2018), from the Munich Re insurance company.

In the case of the EM-DAT, at least one of the following criteria must be met to reg-
ister an event in the database: a) 10 or more human deaths; b) 100 or more people af-
fected /injured /homeless; c) declaration of state of emergency; d) need for international assis-
tance. In the NATHAN database, the events recorded are those considered by the Munich Re
as major natural catastrophes, which according to the United Nations occurs when the capacity
of the affected region to manage the event independently is clearly overcome and supra-regional
or international assistance is needed (Barredo, 2009; Llasat et al., 2009, 2013).

In Spain, the Insurance Compensation Consortium (Consorcio de Compensacion de Se-
guros, CCS), is responsible for compensating homeowners for damage caused by floods. CCS
recompenses for damages to people and properties caused by different natural disasters and
other occurrences derived from certain events of political or social incidence, subject to having
a policy subscribed (UTE, 2013). CCS covers the economic losses produced by natural catas-
trophes when the market does not assume them, as for example in the case of flood events,
since most private insurance companies do not cover this hazard (Barredo et al., 2012).

Some studies classify flood events according to the level of impact they have caused (Barrien-
dos et al., 2003; Llasat et al., 2016b). Llasat et al. (2016b) distinguish between three categories
based on the impacts produced and the categories established in the European project SPHERE
(Barriendos et al., 2003). From lower to higher impact, flood events are classified as: (i) ordi-
nary, (ii) extraordinary, and (iii) catastrophic (see Chapter 4 for more information about the

impact classification of flood events applied in this thesis). For instance, INUNGAMA is a
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database that uses these categories to classify the flood events recorded from 1900 to 2015 in
Catalonia according to their impacts. Another example is the FLOODHYMEX database which
follows the same methodology to classify the flood events that affected different Mediterranean
regions for the period 1980-2015 (further information about INUNGAMA and FLOODHYMEX
databases will be given in Chapter 3).

Other classifications are based on the top-down approach using precipitation thresholds.
One example is Amaro et al. (2010), in which a severe hydrometeorological episode is con-
sidered when the daily precipitation exceeds 60 mm, following the methodology developed in
the MEDEX project (Jansa et al., 2014). Torgersen et al. (2015) also apply a precipitation
threshold in Norway. In this case, a precipitation episode will be considered a flood event when
the daily precipitation accumulates more than 25 mm in at least 3 stations and, at the same

time, the number of insurance claims is equal to or greater than 4.

2.1.3 Methodology for the evaluation of damages

When analysing the risk of flood events, one must first distinguish between two types of studies:
those that refer to the damage assessment or damage caused by floods and those related
to risk assessment (Thicken et al., 2005). The first studies use indicators that depend on the
type and magnitude of the flood and the impact they produce, whereas the second ones depend
on the characteristics of the elements located in the flood zones (Merz et al., 2010). Examples
of impact indicators are the velocity of the flow or the inundation depth, while risk factors
include indicators (also called resistance parameters) such as the type of buildings, protection
measures, existence of warning systems, among others. For this reason, this section has been
divided into damage assessment or methods used to analyse the damage caused by

floods and flood risk estimation methods.

Damage assessment

The assessment of flood damage is necessary to analyse flood vulnerability (elements at risk),
develop flood risk maps (European Comission, 2007), optimise decisions on mitigation mea-
sures, perform comparative risk analyses and conduct financial appraisals for insurers and for
compensation when an event occurs (Merz et al., 2010). In this thesis we will be mainly focused
on economic damages. Given its critical importance there are a large number of studies focus-
ing on the estimation of flood damages and trying to improve their predictive capacity. There
are different methods used depending on both the scale and the type of damage considered.
Two main approaches can be distinguished for flood damage models: empirical approaches,
which use damage data collected after flood events (Kreibich et al., 2005; Thieken et al., 2008);
and synthetic approaches, which use damage data collected via what-if-questions (Merz et al.,
2010). In the latter, the expected damage in case of flood event occurrence is analysed. An
example of this synthetic approach is the INUNCAT flood risk plan (Pla especial d’emergéncies

per inundacions de Catalunya), developed by the Civil Protection of Catalonia (Protecci6 Civil
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de Catalunya, 2017), which estimates the economic losses and people that would be affected by
different water levels.

The following sections describe the main methods used to estimate direct and tangible
damages. The last part of this section summarises the principal methodologies used to assess

the indirect damages caused by floods.

Stage-damage curves The most commonly used method to estimate losses caused by floods
is the stage-damage curves, in which the degree of damage or absolute damage is usually
calculated based on the depth of the flood or water level (Elmer et al., 2010). This approach is
used in the well-known Multi-Colored Manual released by the Flood Hazard Research Center
(FHRC) of the Middlesex University (Penning-Rowsell et al., 2005), as well as in many other
studies such as the curves developed by the Emergency Management Australia (EMA, 2002),
or those from the Federal Emergency Management Agency (FEMA, Scawthorn et al., 2006).
FEMA stage-damage curves are used in Civil Protection plans as well as by the Catalan Water
Agency (Ageéncia Catalana de I’Aigua, ACA, 2018), and they are defined as the flood damage
that would occur at specific water depths per land-use class (expressed as price per unit of
area). The Valencian Community also applies stage-damage curves in the Territorial Action
Plan for Flood Risk Prevention in the Valencian Community (Generalitat Valenciana, 2015).
Another example of application of this methodology is the study carried out by Dottori et al.
(2016) in which an index called The Flood Intensity Index was developed to quantify the flood
hazard. This index is mainly based on the water depth, which then relates to the flood impact

by applying depth-damage curves in different flood scenarios.

Multi-parametric damage models Multi-parametric statistical models are widely applied
in empirical analyses (Merz et al., 2013; Thieken et al., 2005, 2008, 2016; Elmer et al., 2010;
Kreibich et al., 2010). Thieken et al. (2008) developed a model to assess the flood losses for
the residential sector (FLood LOss EStimation MODel for the PRivate Sector, FLEMOps)
while Kreibich et al. (2010) developed one for the commercial sector (FLood LOss EStimation
MODel for the Comercial Sector, FLEMOcs). Both models include information about the
objects at risk and consider water level, flood water contamination and precautionary measures
as impact factors (Elmer et al., 2010). These studies gather a large number of indicators from
post-event surveys done to the population affected by one or several flood events. In particular,
the FLEMOps and FLEMOcs models were developed based on the results obtained after the
2002 flood event that affected Danube and Elbe basins, as well as after the events of 2005 and
2006 that affected Germany, in the case of FLEMOcs.

The survey questions are grouped into 5 different catregories according to the topic, from
which, different indicators are obtained. The categories are: flow, contamination, warning
system, emergency measures, experience in previous floods and socioeconomic variables. Then,
the relationships between these variables and 4 parameters of damage produced in buildings
(total and ratio loss in the content of the building, and total and ratio loss in the structure of

the building) are studied. Different multivariate techniques are used to carry out the statistical

16



2.1. Analysis of flood impacts

analysis of this large number of variables. Merz et al. (2013) applied Regression trees to study
the impact of flooding on buildings. Other statistical techniques commonly used are the Bagging
decision tree and the Random Forest, which are extensions regression trees aiming to reduce the
uncertainty and improve the predictive results when working with a large number of variables
(Wagenaar et al., 2017).

Schroter et al. (2014) performed a comparative study of the techniques used for assessing
flood damage from 8 different models: two with models based on regression trees, one with
depth-damage curves, one based on multifactor analysis of the FLEMOps project and four
using Bayesian techniques. The results showed that the increase in the complexity of the
model improves its predictive capacity both spatially and temporally, although only the direct

damages to buildings obtained from telephone surveys were taken into account.

Impact indices Impact indices are an alternative methodology used to evaluate the damages
produced by flood events. An example is the study of Amaro et al. (2010), in which a social
impact index was developed within the MEDEX project (Jansa et al., 2014). In a second study,
Barberia et al. (2014) improved the index by modifying some variables and introducing new
ones. This index takes into account hazard indicators such as the maximum rainfall recorded in
24 h or the precipitation intensity, as well as damage indicators such as the population affected
by the event.

Petrucci (2013) developed a complex index for assessing the damage (direct and indirect)
caused by past landslide events. The index estimates the damage per municipality by giving a
loss degree and a value for each of the elements considered.

In Boudou (2015), an index was developed for classifying flood events based on the intensity
(e.g. return period, duration of the flood), the severity (e.g. fatalities, economic damages) as
well as the spatial extension of the event (e.g. number of administrations affected). Each of
these sections is subdivided into other ones composed by different indicators, each one with
different value. The total score of the index (from 8 to 34) is an indicator of the importance of

the event.

Insurance data Insurance data are becoming an important source of information to estimate
flood damage. These data are very valuable for assessing causal relationships between hazard
data such as precipitation and economic damages (Zhou et al., 2013; Torgersen et al., 2015;
Spekkers et al., 2013, 2015), as well as a validation method for impact flood models (Zhou et al.,
2013; Bihan et al., 2017; Zischg et al., 2018). Insurance data are commonly used in pluvial
flood studies and only when direct and tangible damages are considerd (Torgersen et al., 2015;
Bernet et al., 2017; Van Qotegem et al., 2018). For instance, Zhou et al. (2013) and Torgersen
et al. (2015) applied regression models to assess the association between precipitation and
compensation paid by insurance companies due to pluvial flood events. In both studies, a good
correlation between these two variables was found and, therefore, it was proved that it is feasible
to build models that explain the costs of damage as a simple function of precipitation (Zhou

et al., 2013). Other studies use these data as a tool to differentiate between different types of
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floods. This is the case of Bernet et al. (2017), which proposed a methodology to distinguish
between river and surface water flooding using insurance data.

An adjustment is needed when working with economic data using different periods of time.
The most common methodology applied is the one established by Pielke Jr and Landsea (1998),
in which the damages are adjusted by the population, wealth and inflation of the region or coun-
try. Nevertheless, studies such as Barredo (2009) and Neumayer and Barthel (2011) developed
other methods that allow a better comparison between different regions. The application of a
normalization process to economic damage data allows to know whether the observed trends in
damages are related to climatic factors or to changes in vulnerability and exposure (Neumayer
and Barthel, 2011).

Indirect damage assessment Indirect damages are difficult to assess, and are specially
challenging when regional scale is considered (Przyluski and Hallegatte, 2011). There are
several techniques to analyse this type of damages. The most commonly used is the collection
of a great amount of indicators regarding past events. For example, Petrucci (2013) developed
a complex index that takes into account both direct and indirect damages. For indirect ones,
it uses indicators related to tangible damages such as the cost to allocate affected people, as
well as non-tangible ones such as the psychological effect of losing a family member or personal
belongings.

Econometric approaches are another method used to estimate indirect losses from natural
disasters although they focus on the average indirect costs of a series of events, such as the
long-term impact on economic growth rather than single event losses (Przyluski and Hallegatte,
2011). For instance, Strobl (2011) analysed the impact of hurricanes on economic growth in
the United States at a county level. Other techniques applied are the input-output models,
developed by Wassily Leontief and recognised by Nobel Prize in economics which consist on
analysing the interdependences between industries in an economy. The model is based on the
requirement of a fixed amount of all inputs for the production of an output unit. For example,
in Gain et al. (2015) tables input-output were used for estimating the losses in agriculture due

to flood events.

Flood risk indices

A large number of studies focus on the development of complex vulnerability or risk indices
for analysing flood events and allow to discern zones, goods or people more susceptible to suffer
damages. An example is the elaborate index developed in Balica et al. (2012), in which a big
number of indicators related to hydrogeological (e.g. maximum flow for the last 10 years),
socioeconomic (e.g. recovery time after an event) and political-administrative factors (e.g.
existence of structural prevention measures) were used to study the vulnerability of coastal
cities. These indicators, depending on the type of variables they represent, that is, exposure,
resilience or susceptibility, will have a different weight in the final index. Meclaughlin and

Cooper (2010) applied a similar methodology but taking into account different spatial scales
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(local, regional and national). These indices are commonly used for analysing floods in urban

areas, as for instance the one developed in Nasiri and Shahmohammadi-Kalalagh (2013).

Tables 2.7, 2.8 and 2.9 summarise the most common indicators applied for estimating flood

risk separately by type: hazard, vulnerability-exposure and resilience, respectively.

’ Definition \ Unit \ Reference

Maximum flow in the last 10 years m? st Balica et al. (2012)

Sea level rise (coastal zones) mm year! Balica et al. (2012)

Increase in precipitation mm; % Nasiri and Shahmohammadi-Kalalagh
(2013)

Increase in precipitation intensity mm h!; % Nasiri and Shahmohammadi-Kalalagh
(2013)

Evaporation rate mm Nasiri and Shahmohammadi-Kalalagh
(2013)

Time of concentration of the basin Hours Petrucci et al. (2012)

Basin slope % Zhou et al. (2017)

Table 2.7: Hazard indicators
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| Definition | Unit | Reference
Number of historic buildings, museums, etc. (cul- | N9 absence- | Balica et al. (2012); Mclaughlin and
tural heritage) presence Cooper (2010)
Population, population density N° inhab.; | Balica et al. (2012); Mclaughlin
inhab. km? | and Cooper (2010); Nasiri and
Shahmohammadi-Kalalagh (2013)
Population or population density increase rate % Nasiri and Shahmohammadi-Kalalagh
(2013)
Population or population density during the night N@ hab.; in- | Zhou et al. (2017)
hab. km™2
Proximity to the river m; km Nasiri and Shahmohammadi-Kalalagh
(2013)
Number of industries NO Nasiri and Shahmohammadi-Kalalagh
(2013)
Topography - Nasiri and Shahmohammadi-Kalalagh
(2013)
Communication routes Absence- Mclaughlin and Cooper (2010); Nasiri
presence and Shahmohammadi-Kalalagh (2013)
Land use types - Mclaughlin and Cooper (2010); Nasiri
and Shahmohammadi-Kalalagh (2013)
GDP, per capita income € Pielke Jr and Landsea (1998); Barredo
et al. (2012)
Age Years Schroter et al. (2014); Merz et al.
(2013); Thieken et al. (2005)
Number of people in the building or house N© Schroter et al. (2014); Merz et al.
(2013); Thieken et al. (2005)
Number of kids (<14 years) and elderly people (>65 | N° Schréter et al. (2014); Merz et al.
years) (2013); Thieken et al. (2005)
Monthly net salary € Schroter et al. (2014); Merz et al.
(2013); Thieken et al. (2005)
Socioeconomic status - Schroter et al. (2014); Merz et al
(2013); Thieken et al. (2005)
Literacy and dependency rate % Gain et al. (2015)
Percentage of population with some disability % Balica et al. (2012); Nasiri and
Shahmohammadi-Kalalagh (2013)
Designation of protected areas or regions (natural, | Absence- Mclaughlin and Cooper (2010)
biodiversity, etc.), existence of local biodiversity or | presence
adaptation plans
Unemployed people % Nasiri and Shahmohammadi-Kalalagh
(2013)
Human development Index (HDI) (expected years of | - Nasiri and Shahmohammadi-Kalalagh
life, years of schooling, GDP, etc.) (2013)
Type of building € Schroter et al. (2014); Merz et al. (2013)
Building age: number of buildings > 30 years NO Gain et al. (2015)
Number of floors of the buildings NO Schroter et al. (2014); Merz et al.
(2013); Thieken et al. (2005)
Total surface of the building m? Schréter et al. (2014); Merz et al.
(2013); Thieken et al. (2005)
Building quality - Schroter et al. (2014); Merz et al.
(2013); Thieken et al. (2005)
Building value € Schroter et al. (2014); Merz et al
(2013); Thieken et al. (2005)

Table 2.8: Vulnerability-exposure indicators
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| Definition | Unit Reference
Number of shelters per km? N© km™ Balica et al. (2012)
Experience of flood events in the last 10 years ; 0 = | N9 Absence- | Balica et al. (2012); Nasiri and
no experience to 9 = recent experience; number of | presence; Shahmohammadi-Kalalagh (2013);
flood events experienced, time from the last event, | Days Schroter et al. (2014); Merz et al.
experience of events with damages greater than spe- (2013); Thieken et al. (2005)
cific amount
Recovery time of an event Days Balica et al. (2012)
Km of canalization in the city Km Balica et al. (2012)
Existence of international organizations, N° of civil | Absence- Balica et al. (2012); Schréter et al.
protection volunteers, N of organisations presence; (2014)
N©
Existence of protection measures against floods; ex- | Absence- Balica et al. (2012); Schroter et al.
istence or number of rainwater tanks presence; (2014); Merz et al. (2013); Thieken
NO et al. (2005)
People taking their own protective measures (move | Absence- Merz et al. (2013); Thieken et al. (2005)
furniture, put some protection, etc. presence
Warning system, system quality (degree of awareness | Absence- Nasiri and Shahmohammadi-Kalalagh
of the alert), hours in advance presence; (2013); Schroter et al. (2014); Escuder-
hours Bueno et al. (2012); Thieken et al.
(2005); Elmer et al. (2010)
Lead time period elapsed without using emergency | Days Schroter et al. (2014); Merz et al. (2013)
measures
Emergency systems Absence- Nasiri and Shahmohammadi-Kalalagh
presence (2013); Schroter et al. (2014); Escuder-
Bueno et al. (2012); Thieken et al.
(2005)
Work recovery time Hours Elmer et al. (2010)
Time passed from the alert to the application of the | Hours Elmer et al. (2010)
mitigation measure
Storage capacity of the dams m? Nasiri and Shahmohammadi-Kalalagh
(2013)
Insurance compensation for floods Absence- Nasiri and Shahmohammadi-Kalalagh
presence (2013)
Amount of investment € Nasiri and Shahmohammadi-Kalalagh
(2013)
Flood risk awareness Absence- Schréter et al. (2014); Merz et al. (2013)
presence
Existence of flood risk maps Absence- Balica et al. (2012); Escuder-Bueno
presence et al. (2012)

Table 2.9: Resilience indicators

2.2 Trends in extreme precipitation and flood events

The study of changes in extreme precipitation and flood events has become a very active research

area, and in recent years numerous studies have been published analysing the historical trends
of those events (Madsen et al., 2014; Brazdil et al., 2014; Herget et al., 2014; Barriendos Valve
et al., 2014; Llasat et al., 2013; Barrera-Escoda and Llasat Botija, 2015; Llasat et al., 2016b).

There are different criteria to define an extreme event. According to the Fifth Assessment

Report of the Intergovernmental Panel on Climate Change (IPCC, Pachauri et al., 2014) an ex-

treme event is defined as being ezceptional on specific place and /or time of year. The definitions

of exceptional vary, but an extreme climatic event would normally be as equal or more extreme
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than the 10th or 90th percentile of a probability density function estimated from the empirical
data. For some climatic extreme events as droughts, floods and heat waves, several factors such

as duration and intensity must be combined to produce an extreme event (Seneviratne et al.,

2012).

2.2.1 Extreme precipitation

The Fifth Assessment Report of the IPCC (Pachauri et al., 2014) concludes that it is likely
that, since the mid-20th century, the number of extreme precipitation events (e.g. above the
95th percentile) has increased in more regions of the world than it has decreased, as already
has shown in the results of the Fourth report (IPCC, 2007) and the report related to extreme
events and disasters (Field et al., 2012). Nonetheless, there are strong regional and subregional
variations in trends. In particular, many regions show null or negative trends in extremes and
also important differences between the seasons of the year. In general, the most consistent
trends towards more intense precipitation events are found in the center of North America
(very likely increase) and in Europe, where there have been very likely trends of increase in
both frequency and intensity of precipitation extremes. However, for Europe and especially the
Mediterranean region, these results show a wide seasonal and/or regional variability.

Several studies have analysed the trends in precipitation extremes in Europe. Ye et al. (2017)
distinguished between three types of precipitation (convective, non-convective and mixed) and
showed that the total annual precipitation due to convective episodes in Eurasia between 1966-
2000 had increased, whereas the precipitation due to non-convective and mixed episodes had
decreased. Van den Besselaar et al. (2013) also found an increase in precipitation extremes
in the north and south of Europe for the 1951-2000 period, showing a decrease of 21 % in
the return period of the extreme events. These results align with those shown in Cioffi et al.
(2015), in which a statistically significant trend in the increase in the number of days exceeding
the 90th and 95th percentiles of precipitation was found in the north and west of Europe
from October to March between 1901 and 2006. Madsen et al. (2014) summarised the results
found in different studies on trends in precipitation extremes based on observations as well as
future climate projections. The main finding was the general increase in precipitation extremes
while no clear trend was detected in flow data. In terms of projections, most studies show an
increase in precipitation extremes with global warming, while in the case of flows, both increase
and decrease can be expected (see also Chapter 7 for more information about precipitation
projections).

In spite of this evidence, negative trends in total and extreme precipitation have also been
observed in the Mediterranean region, as is the case of Turco and Llasat (2011), in which
the indices of the Expert Team on Climate Change Detection and Indices (ETCCDI, Karl
et al., 1999; Peterson et al., 2001) for Catalonia region and for the period 1951-2003 were
estimated. The results showed that although most of the indices of high precipitation did
not show any trend, a significant negative trend in total precipitation and in the maximum

accumulated in 5 days were found in the Ebro Observatory (Turco and Llasat, 2011). Lemus-
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Canovas et al. (2019) also observed a statistically significant negative trend in the annual
precipitation recorded between 1960 and 2010 in some parts of the Catalan Pyrenees. In terms
of projections in Catalonia, the results of the Third Report on Climate Change in Catalonia
(TICC, 2016), although with large uncertainty, point towards a general reduction of the total
annual precipitation with global warming. Nonetheless, Barrera-Escoda et al. (2014) found an
increase of the frequency of heavy precipitation events (>200 mm in 24 h) during the 2021-2050
period in this region. In a part of Catalonia, the Metropolitan Area of Barcelona, an increase
in the number of days with precipitation over 100 mm in 24 h is also expected, according to
Altava-Ortiz et al. (2016).

In Portugal, the majority of the ETCDDI indices did not show any significant trend between
1941-2007 (de Lima et al., 2014). However, for the period 1976-2007, there was an increasing
trend of extreme events, specifically an increase in the maximum 1-day precipitation index
(Rxlday) and in the daily precipitation amount on wet days (R99pTOT), especially in the
south of Portugal.

2.2.2 Flood events

As mentioned in the introduction, the study of floods is crucial since they are the most important
natural risk around the world (Field et al., 2012) that may be exacerbated in the future with
increased precipitation events linked to climate change (Pachauri et al., 2014) in some regions
of the world, including Europe (see Chapter 7). According to Field et al. (2012), a flood is the
overflowing of the normal confines of a stream or another body of water, or the accumulation of
water over areas that are not normally submerged. The main causes of floods are intense and
/ or prolonged precipitation, snow / ice melting, a combination of these causes, the breakdown
of a dam (for example, glacial lakes), reduced transport due to ice jams or landslides, or an
intense local storm (Smith and Ward, 1998).

Trends in flood events are not as clear as those found in extreme precipitation events. There
is a large uncertainty on their magnitude and frequency. For example, Madsen et al. (2014)
showed that there is evidence of a general increase in the extremes of precipitation in most
studies analysed, while there is no clear indication of significant trends of increase in the flows.
Hall et al. (2014) state that it is difficult to establish a general conclusion about changes in
floods in Europe due to the diversity of processes, the periods of study and the variety of
methodologies applied.

Several methods to study flood trends have been used. Most methods use different hy-
drological variables to analyse flood trends (Petrow and Merz, 2009). For instance, Douglas
et al. (2000) applied the annual mean in the maximum daily flow to study flood trends in the
United States. Svensson et al. (2005) used the same indicator for time series worldwide and
compared it with the series of peaks-over-threshold (POT), a method commonly applied to
estimate extreme values. Mediero et al. (2014) studied flood trends in Spain using a total of
9 indicators obtained from series of the average in maximum daily flow, maximum seasonal
flow and POT. A similar methodology was followed by Petrow and Merz (2009), in which 8
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indicators from hydrological variables were used to analyse flood trends in Germany. Wilson
et al. (2010) and Bloschl et al. (2012) are other examples for analysing flood trends based on
hydrological thresholds in the Nordic countries and in Austria, respectively.

The variability in results of flood trends analyses can be observed in different studies at
regional scale. For example, Mediero et al. (2014) found a general decrease in the frequency
and magnitude of flood events in Spain for three different time periods 1942-2009, 1949-2009,
1956-2009, with more notable evidence in the last one. These results could be related to an
increase in evapotranspiration in the area that increase water losses in soils and a decrease in
soil moisture content before the occurrence of floods. On the contrary, Llasat et al. (2016b)
found an increase of flood events between 1900 and 2011 in Catalonia, however, there is no
evidence in the precipitation extremes, showing that this growth could be related to a rise in
vulnerability and exposure of the region. Sun et al. (2015) also observed a significant increase
in flood events in Germany for a long period of more than 80 years (1934-2005). On the other
hand, Glaser et al. (2010) found 4 periods from 1500 where the frequency on river flood events
in Europe increased: 1540-1600, 1640-1700, 1730-1790 and 1790-1840. However, from 1950 until
now, there are no consistent patterns, a fact that could be related to modern flood protection

systems.

2.3 Discussion framework

In the first part of this chapter a summary of the methodologies and indicators most commonly
applied to study the impact of floods has been made. As noted, although there are many
studies that use different techniques to estimate the damage caused by these events, a large
body of literature still focuses on the dangerousness of the event rather than on the impacts
it produces, usually due to the lack of damage data. In this context, insurance databases
represent a potential and valuable source of flood damage data. Consequently, research has
been conducted in recent years to use insurance data as a proxy in the analysis of the impact
of flooding events.

Secondly, as shown in the second part of this chapter, there is great uncertainty regarding
trends in floods and precipitation extremes. However, increases in these episodes, especially
those regarding extreme precipitation, have been found in Europe. Moreover, an increase in
extreme precipitation events (potentially enhanced by global warming), would lead into an
increase in the number of surface water flood events. Considering the risks associated to this
type of events in the area of study, it is crucial to keep on the research to fully understand the
consequences in terms of potential damage.

Considering all the above-mentioned, this work has followed the next considerations. First,
as already mentioned in the introduction, insurance data have been used as a proxy of flood
damage. In addition, flood events have been classified according to the impact they produce
following the methodology described in Chapter 4. As explained above, given that most of floods

are SWF, precipitation has been used as the main hazard driver of flood risk. The precipitation
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produced in each of the flood events and affected basins as well as the changes in precipitation
extremes with global warming have been calculated. In addition, in order to account for
variables other than the dangerousness of the event, indicators related to the exposure and
vulnerability of the territory have also been analysed. Specifically, population, gross domestic
product, proportion of urban zone, land use and slope have been used as indicators. Finally,
several regression models have been fitted to find the most appropriate method for describing

flood damage.
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Chapter 3

Region of study and data sources

3.1 Region of study

This thesis is composed by two regions of study: Catalonia and the Valencian Community.
Other than these two areas, a flood risk analysis has also been carried out in the Metropolitan
Area of Barcelona (MAB), a highly vulnerable urban area which is part of Catalonia region.

In this chapter, the three regions are presented separately.

3.1.1 Metropolitan Area of Barcelona

0 3 6 12 Km 4
AI|||I|||I

@® Gauging station
A Weather Stations

|:_| Municipalities

Figure 3.1: Map of the Metropolitan Area of Barcelona (MAB), showing its municipalities, the gauging
station in the Llobregat River (brown circle) and the two main weather stations (purple triangle). The
Besos River (east of Barcelona) and the Llobregat River (west of Barcelona) are also shown (in blue
colour)
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The first analysis (Chapter 4) is referred to the Metropolitan Area of Barcelona (MAB), com-
posed of Barcelona and 35 adjacent municipalities around the city. This urban and peri-urban
area has a surface of 534.7 km? and a population larger than 3.3 million of residents. The larger
part of the population is concentrated in the municipality of Barcelona (1,620,343 people in
101.6 km?, TDESCAT, 2018), located between the Besos River and the Llobregat River, the
Littoral Range and the Mediterranean Sea (Figure 3.1). Although both rivers have experienced
catastrophic flood events (e.g. September 1971) with return periods higher than 100 years,
minor flood events occur frequently (with an average of 3 flood events per year, Cortés et al.,
2017) as a consequence of convective and local precipitation mainly recorded in late summer
and autumn (Llasat et al. 2013; del Moral et al. 2016). A total of 109 flood events have
been recorded in the MAB for the 1981-2015 period (61 between 1996 and 2015), eight of them
causing catastrophic impacts in the region.

The city of Barcelona is crossed by 20 streams, most of them are covered by part of the
Barcelona drainage system, managed by the Barcelona Water Cycle (Barcelona Cicle de I’Aigua
or BCASA). The United Nations International Strategy for Disaster Reduction (UNISDR)
recognised Barcelona as a resilient city and a model city for dealing with floods (Nakamura
and Llasat, 2017), as it has a permanent surveillance and warning system running on hydraulic
modelling that includes 15 rainwater tanks that allow for better flood prevention. As a result,
the number of flood events recorded in the city as well as the damages associated to them have
decreased over time (Barrera et al., 2006; Llasat et al., 2016a; Cortés et al., 2017).
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3.1.2 Catalonia
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Figure 3.2: Map of Catalonia showing the aggregated basins (black lines), the Metropolitan Area of
Barcelona (MAB), the main rivers (blue lines) and the 24 h pluviometric stations used (black points)

The second area of study is Catalonia, a region of 32,108 km? in the north-east Iberian Peninsula
where more than 7.5 million people live (IDESCAT, 2018). The region is characterised by three
mountain ranges (Figure 3.2): the Pyrenees in the north (maximum altitude above 3,000 m
a.s.l.) and parallel to the Mediterranean coast (SW-NE) between the Catalan Pre-Coastal
Range (maximum altitude around 1,800 m a.s.l.) and the Catalan Coastal Range (maximum
altitude around 600 m a.s.l.). This marked orography is the key reason for the development of
floods, both from a hydrological point of view (small torrential catchments) and meteorological
factors (the orography forces water vapour to rise from the Mediterranean, triggering instability,
Llasat et al., 2016b). The impact of the Pyrenees can also produce remarkable effects in the
mesoscale pressure distribution, giving place to convergence lines, orographic dipoles, etc. One
example was the flood event of October 1987, when more than 400 mm of rainfall were recorded
in 24 h near Barcelona favoured by the convergence forced for a mesohigh created at the south
of Pyrenees (Ramis et al., 1994).

During the 1996-2015 period a total of 166 flood events were recorded in Catalonia, 13 of
them caused catastrophic impacts, 87 extraordinary and 66 ordinary impacts (Cortés et al.,
2018).
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3.1.3 Valencian Community
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Figure 3.3: Map of the Valencian Community, showing its basins (black lines), main rivers (blue lines)
and the 24 h pluviometric stations (black points)

Chapter 6 and 8 are focused on two areas of the western Mediterranean: Catalonia and the
Valencian Community. In this latter region (Figure 3.3), around 5 million people live in a total
surface of 23,255 km? (INE, 2018). As in the case of the Catalonia region, coastal plains are
crossed by torrential non-permanent streams surrounded by intensively urbanised areas. In the
South of the region, mountains reach almost the coast line (maximum altitude around 1,560
m.a.s.l.) favouring heavy precipitations that can exceed 700 mm in less than 24 h. This was
the case in November 1987, when more than 800 mm of rainfall were recorded in 24 hours in
the municipality of Oliva (Valencia) (Ramis et al., 2013).

The Valencian Community has recorded a total of 69 flood events during the 1996-2015
period, 11 of which were catastrophic, 26 extraordinary and 32 ordinary (Cortés et al., 2018;
Cortes et al., 2019).
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3.2. Data

3.2 Data

This section summarises all the data used for the execution of this thesis, divided into different

parts according to the type of data.

3.2.1 Flood events databases

In order to select the flood events that have affected the regions of study of the thesis (MAB,
Catalonia and Valencian Community), three different databases have been used: INUNGAMA
(Barnolas and Llasat, 2007; Llasat et al., 2016b), PRESSGAMA (Llasat et al., 2009) and
FLOODHYMEX (Llasat et al., 2013). The INUNGAMA is a database sourced by GAMA
(Grup d’Analisi de situacions Meteorologiques Adverses) that reports the flood events occurred
in Catalonia from 1900 to 2015 on a municipal, county and basin level. Information contained
in the database includes hydrometeorological data, impacts caused, and the affected areas for
each of the events. The major part of this information is provided by PRESSGAMA, a database
formed from press data and other data sources such as official reports. This database, which
includes more than 15,000 news items, systematically collects information on natural risks and
climate change in the newspaper La Vanguardia from 1981. Finally, as per the flood events
recorded in the Valencian Community, the FLOODHYMEX database has been used, which
contains both hydrometeorological and impacts information as a consequence of flood events
that affected different Mediterranean regions during the period 1980-2015. The data used in
this thesis are from 1996 to 2015.

3.2.2 Meteorological data

The precipitation data used in this thesis come from different sources, depending on the accu-
mulation time interval used. We have used daily precipitation data provided by the Spanish
State Meteorological Agency (Agencia Estatal de Meteorologia, AEMET), which has an exten-
sive network of automatic meteorological stations spread throughout the entire region of study
collecting the accumulated daily precipitation between 7 UTC and 7 UTC of the following day.
Figures 3.4 and 3.5 show the effectiveness of AEMET weather stations for the period 1996-2015
for Catalonia and the Valencian Community, respectively. Only the stations with an effective-
ness value higher than 90 % between 1996 and 2015 have been taken into account in the study,
in order to guarantee the use of well-functioning stations that cover the entire study period.
That represents the significant number of 127 stations for Catalonia and 183 for the Valencian

Community.
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Figure 3.5: AEMET weather stations effectiveness for the period 1996-2015 for the Valencian Com-
munity
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The 30-minute precipitation data for the entire Catalonia have been obtained from the net-
work of automatic meteorological stations (Xarza d’Fstacions Meteorologiques Automatiques,
XEMA) belonging to the Meteorological Service of Catalonia (Servei Meteorologic de Catalunya,
SMC). In the case of the Valencian Community, 5-minute precipitation data provided by the
Hydrographic Confederation of Jucar (Confederacion Hidrogrifica del Jicar, CHJ) have been
used. These data have been accumulated into 30 minutes time steps for consistency with the
data provided by the SMC.

Figure 3.6 shows the two types of weather stations used for the precipitation data for the
MARB region: 30-min rainfall stations from the SMC and the daily precipitation stations from
the AEMET (effectiveness > 90 %).

® 30 min weather stations (SMC)
® 24 h weather stations (AEMET)
[ Municipalities

Figure 3.6: Metropolitan Area of Barcelona with the weather stations used in the study. Green points
indicate the SMC stations (30 minute) and the purple ones the AEMET stations (daily). The black
lines represent the delimitation of each of the 36 municipalities that constitute the MAB

3.2.3 Vulnerability and exposure data

Vulnerability and exposure data used in the thesis come from different sources. Population and
Gross Domestic Product (GDP) data for Catalonia region were obtained from the Statistical
Institute of Catalonia (Institut d’Fstadistica de Catalunya, IDESCAT, 2018). In the case of
the Valencian Community, the data were provided by the Spanish National Statistics Institute
(Instituto Nacional de Estadistica, INE, 2018). The population and GDP data used correspond
to the year when the flood event took place. GDP data were adjusted to the value of the Euro
in 2015, in order not to take into account the inflation effect. This has been done following the
methodology defined by the Spanish National Statistics Institute (INE, 2018), which consists
on using the exchange rate in the consumer price index (CPI) between the specific year of the

event and the reference one (2015).
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The urban area for these two regions has been obtained from the maps of 2005 and 2011 of
the Land Use Information System of Spain (Sistema de Informacion sobre Ocupacion del Suelo
de Espana, SIOSE, 2018), for which a treatment with Geographical Information Systems tools
has been made (ArcGIS and QGIS) to obtain the proportion of urban area per each basin.
In the case of the MAB region, changes in land cover were analysed through the Land Use
Maps of Catalonia, drawn up by the Ecological and Forestry Applications Research Centre
(Centre de Recerca Ecologica i Aplicacions Forestals, CREAF, 2018) for the available editions
(1993, 2000-2002, 2005-2007 and 2009). Table 3.1 summarises the main characteristics for each
edition. Runoff coefficients for different land uses were taken from Chow et al. (1988). The
methodology used to obtain the average runoff value for each municipality of the MAB region

is explained in detail in Chapter 4.

] Edition \ LCLU-I \ LCLU-II \ LCLU-IIT \ LCLU-IV \
Year 1993 2000-2002 | 2005-2007 | 2009
Orthophotos scale | 1:25,000 1:5,000 1:5,000 1:2,500
Resolution (pixel) | 2.5 m 0.5 m 0.5 m 0.25 m
Working scale 1:3,000 1:1,500 1:1,500 1:1,000
Categories 24 61 241 241

Table 3.1: Features of the LCLU (land cover and land use maps of Catalonia) for each edition used
for the MAB region

The average slope of the basin has been produced using the Digital Elevation Map pro-
vided by the Spanish National Geographic Institute (Instituto Geogrdfico Nacional, IGN, 2018)
and doing a subsequent treatment with Geographical Information Systems tools (ArcGIS and

QGIS).

3.2.4 Damage flood data

Flood damage data were obtained from the insurance compensation due to floods paid by the
Spanish Insurance Compensation Consortium (Consorcio de Compensacion de Seguros, CCS).
The CCS compensates for damage caused to people and property by floods and other adverse
weather events covered by an insurance policy. These data are provided at postcode level and
with a daily temporal resolution. The CCS database includes around 58,000 flood claims paid
recorded in Catalonia and over 100,000 in the Valencian Community for the 1996-2015 period
(no previous information is available with this level of detail).

In order to be able to compare these data with other variables, we aggregated the damage
in each postcode to the municipality level and then calculated the total amount paid per flood
event and basin affected. This process was carried out taking into account the claims made
for the days on which the event occurred (according to INUNGAMA and FLOODHYMEX
databases), and the following seven days after the event took place. We used this 7-day window
as this is the period of time that the CCS allows insurance claims to be made. When the time
difference between two events is less than 7 days, damages are associated with the first event,

if the date of the claim was before the first day of the second event. Finally, damage data were
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3.2. Data

adjusted to 2015 values, following the methodology defined by the Spanish National Statistics
Institute (INE, 2018), in the same way that was done in the case of the GDP (Section 3.2.3).

In addition to insurance data, the INUNGAMA and FLOODHYMEX databases, described
in Section 3.2.1, also contain a qualitative information on the impacts that each flood event has
produced as well as a categorisation of these according to various impact indicators (Barriendos
et al., 2003; Llasat et al., 2005; Barrera et al., 2006; Llasat et al., 2014a). This methodology
for classifying flood events based on the impacts is explained in more detail in Chapter 4 and
in Cortes et al. (2017) (see Appendix, Section B).

3.2.5 Climate change projections data

Daily precipitation data for seven climate projections have been obtained from an ensemble of
simulations developed within the EURO-CORDEX project (Jacob et al., 2014), which covers
the whole Europe with a spatial resolution of 0.11 degrees in latitude and longitude (around 12
km). These are the models (see Table 3.2) that had the necessary variables at the moment of
the design of our study, and they have been extensively validated in previous studies (see, e.g.,
Jacob et al., 2014; Alfieri et al., 2018) and the ones used by the Joint Research Centre from the
European Commission (e.g. Alfieri et al., 2015b). The Representative Concentration Pathway
8.5 (RCP8.5) from the Intergovernmental Panel on Climate Change (Pachauri et al., 2014)
is the scenario used from 2006 to 2100. For the historical simulations (or reference period)
the 1976-2005 period has been used. Chapter 7 describes in more detail the data and the
methodology used.

| Model | Institute | GCM RCM Authors (examples of application)
1 KNMI | EC-EARTH | RACMO22E Cardell ot al. (2018); Alfieri et al. (2015b)
2 SMHI HadGEM2-ES RCA4 Cardell et al. (2018); Alfieri et al. (2015b)
3 SMHI EC-EARTH RCA4 Cardell et al. (2018); Alfieri et al. (2015b)
4 MPI-CSC | MPI-ESM-LR | REMO2009 | Bronnimann et al. (2018); Alfieri et al. (2015b)
5 CLMcom | MPI-ESM-LR | CCLM4-8-17 | Bronnimann et al. (2018); Alfieri et al. (2015b)
6 SMHI MPI-ESM-LR RCA4 Cardell et al. (2018); Alfieri et al. (2015b)
7 CLMcom EC-EARTH CCLM4-8-17 Cardell et al. (2018); Alfieri et al. (2015b)

Table 3.2: EURO-CORDEX climate models used in this study and their characteristics

3.2.6 Population projections data

In order to account for vulnerability and exposure in future flood risk analysis, data of popula-
tion projections are required. These data, together with future precipitation projections data,
are used to estimate the future probability of flood damage in Chapter 8. The five Shared
Socioeconomic Pathways (SSP) have been applied for the estimation of the population change
in the future. The SSP projections (Riahi et al., 2017) have been developed by the research
community to facilitate integrated assessments of climate impacts, vulnerabilities, adaptation
and mitigation. These socioeconomic pathways include projections for population, urbanisa-

tion and GDP at global and national scales. In order to obtain this information in the spatial
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resolution required for the study (basin level), the 2UP (Towards an Urban Preview) model, de-
veloped by the Netherlands Environmental Assessment Agency (PBL, abbreviation in Dutch),
has been used. The core of the 2UP model and its primary objective is to disaggregate the
scenario-based projected national-level urban population to 30 arcseconds (approximately 1 km
near the earth’s equator) and simulate urban expansion for 194 countries and territories. This
high spatial resolution grid has been used to calculate the future total population in each basin
of the regions of study of the thesis and for the different SSP’s. Figure 3.7 shows these data
aggregated at regional scale for both areas of study. Further details about the treatment carried

out with the population projections is explained in Chapter 8.

Figure 3.7: Population projections for the whole regions of Catalonia (left) and Valencian Commu-
nity (right) using the 2UP model and the 5 SSP scenarios. The red point (observed) indicates the
total population of each region for the 2010 year. The method used to correct the differences in the
population of the year 2010 between observations and projections is explained in Chapter 8
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Chapter 4

Flood risk analysis at local level: the case

of the Metropolitan Area of Barcelona

Abstract

In this chapter!, the relationships between flood damages and their causes in the Metropoli-
tan Area of Barcelona is analysed. This region is affected by an average of more than three
flood events per year, some of them with catastrophic effects. Most floods that have affected
the region of study are surface water floods, which are produced by short, local and heavy
precipitation events. Therefore, it is expected that precipitation will be the main contributing
factor in the damages produced by these events. For this reason, different statistical models
have been developed in order to study the relationship between precipitation and flood damage.
Variables related to the vulnerability and exposure of the studied area have been taken into
account. The results confirm the hypothesis that precipitation is a key factor in explaining the

damage caused by flood events in regions in which surface water floods are the main type of
flood.

4.1 Introduction

More than 250 events causing floods, flash floods and urban floods were recorded in Catalonia
(north-east Spain) between 1981 and 2015 (Corteés et al., 2017). The coastal zone has the highest
number of episodes (70 %) caused by highly localised convective rainfall events (Llasat et al.,
2016b; Gascon et al., 2016). Approximately one-third of the episodes affected the regions of
Maresme, Barcelonés and Baix Llobregat, which belong, totally or partially, to the Metropolitan
Area of Barcelona (MAB). This is an area with significant exposure and vulnerability due to
the high population density and concentration of infrastructures (Llasat et al., 2014a), as has
been shown in Chapter 3. The problem is expected to worsen, considering that 70 % of the
population will be concentrated in coastal cities by 2050, according to Benoit and Comeau

(2005). In other words, the MAB constitutes a good example of a Mediterranean coastal

!This Chapter has been partially published in Cortés et al. (2017)
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region, with significant urbanisation of flood-prone areas and a high population density in an
area crossed by numerous streams.

Several studies have analysed extreme climate and weather events affecting the region of
Barcelona (Turco et al., 2014; Llasat et al., 2014b) and the evolution of floods in Catalonia, also
considering the evolution of floods over the last six centuries (Barrera-Escoda and Llasat Botija,
2015) and over the recent period of 1981-2010 (Llasat et al., 2014a, 2016b). For both periods, the
extraordinary flood events (flood classification is explained in Section 4.2.1 of this chapter) show
a positive trend, probably linked to land use changes and an increase in assets and dwellings in
flood-prone areas, leading to an increased flood risk. However, there is still little known about
flood evolution in Mediterranean urban areas, combining drivers and consequences (Faccini
et al., 2015). That is, the analysis of flood risk is very complex and needs to be dealt with
from a holistic perspective using techniques that take into account all the factors involved, both
those related to the dangerous nature of the phenomenon, those related to vulnerability and
exposure and those related to the impacts (Llasat et al., 2009; Bloschl et al., 2013; Nakamura
and Llasat, 2017).

In this chapter, we study the flood risk in the MAB, by doing an holistic approach and taking
into account the different factors related to the hazard, vulnerability and exposure involved, as
well as the damages caused. To this end, we analyse the changes in land use, runoff, population
and precipitation extremes in the MAB and their potential relationship with floods. Also,
we analyse the link between damages and precipitation over 1996-2015 period. To this aim,
we have developed and evaluated a methodology to estimate surface water flood damage from
heavy precipitation in the MAB. The relationship between precipitation and insurance data has
been assessed, using logistic regression models, to ascertain the probability of large monetary
damages in relation to heavy precipitation events. To sum up, the results of this study can
help better understand flood risk in urban Mediterranean areas by analysing flood causes and
impacts, as well as assisting with accurate estimations of flood damage under high levels of

rainfall.

4.2 Methods

The available data as well as the description of the region of study are explained in Chapter 3.
An extensive and detailed methodology used for this chapter is described below. Part of the
methodology will also be applied in the following chapters (Chapter 5 and 6), so it will not be

repeated and will always be referred to this section.

4.2.1 Classification of flood events according to their impact

Flood events that have affected the MAB between 1996 and 2015 have been classified according
to their impact (Barriendos et al., 2003; Llasat et al., 2005; Barrera et al., 2006; Llasat et al.,
2014a; Cortés et al., 2017). In order to be more specific, we have suggested some indicators

shown in Table 4.1. This classification allows us to distinguish between three categories: (a)
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ordinary flood events (rivers or streams not overflowing; floods in restricted areas; minor dam-

ages, damage to hydraulic infrastructure or cars parked in the temporary flow of the torrential

channel; flooded car parks, basements or ground floors; disturbances to daily activities); (b)

extraordinary flood events (overflowing rivers or streams; some streets or other urban places

flooded; damages or partial destruction of structures near the stream or river, damage to street

furniture or cars; inconveniences in the daily life of the population); and (c) catastrophic flood

events (overflowing riverbanks; extensive flooded areas; total destruction or serious damage

to hydraulic infrastructures —e.g. bridges—, buildings, crops, road infrastructures and private

assets). As mentioned before, the classification was applied according to the impact (following

the criteria described in Table 4.1) in the MAB region exclusively, not for the whole region of

Catalonia as is the usual case in the literature.

| Indicator | Definition | Catastrophic event | Extraordinary event | Ordinary event |
Public City hall, hospital, school, | Total destruction | Partial destruction | Flooded, habit-
buildings church, emergency cen- | or collapse or structural dam- | able
tres, police station, etc. age
Private Houses with one or more | Total destruction | Partial destruction | Flooded, habit-
houses floors, basements, etc. or collapse or structural dam- | able
age
Bridges Bridges, footbridges Destroyed, unus- | Structural damage, | Usable
able unusable bridges
or damage to
footbridges
Hydraulic Mills, irrigation channels Destroyed Medium damage Minor damage
infrastruc-
tures
Roads Railway, highway, state | Partially de- | Flooded, closed for | Flooded, closed
road, country road, re- | stroyed, one or | > 12h between 0 and 12
gional road, municipal | more stretches of h or not closed
road the road damaged
Services Gas, electricity, telephone | Destruction Closed between 6 | Closed for < 6 h
lines, water and/or closure | and 24 h
of infrastructures
for > 24 h
Productive Industry, agriculture | Interruption of | Interruption of pro- | Loss of products
activities and livestock, commerce, | production and | duction and loss of
touristic infrastructures loss of the produc- | products
tion system
Cars Cars washed away or dam- | 20 or more washed | Between 5 and 19 | Between 1 and 4
aged by water away washed away damaged and/or
washed away
Deaths No. of people dead 10 or more Between 5 and 9 Between 1 and 4

Table 4.1: Indicators to determine the impact of each flood event

4.2.2 Precipitation, runoff and flood damage correlations

Information regarding the economic damage caused by floods was provided by the state insur-

ance company Consorcio de Compensacion de Seguros or CCS. These data have the advantage

that is possible to transform them to the spatial resolution of municipal level, as has been ex-

plained in Chapter 3, spanning the period from 1996 to 2015. We considered the compensation

paid by the CCS during the flooding episodes, as well as during the following 7 days after their
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conclusion (see further information in Section 3.2.4, Chapter 3). The variables used were: total
damages, the ratio of total damages/population density and the ratio between total damages
and population. The temporal evolution of the compensation paid by CCS was also analysed,
along with the correlation between damages/precipitation and damages/runoff for 13 specific
cases.

For the precipitation data, 30-min rainfall stations from the SMC and the daily precipitation
stations from the AEMET have been used (see Chapter 3 for further details).

For estimating the runoff, 4 different editions of Land Cover and Land Use maps (LCLU) for
Catalonia have been used (see Table 3.1 of Chapter 3). In order to obtain the average runoff
value for each municipality of the MAB region, the available maps have been homogenised
following the characteristics of the first edition of the Land Cover and Land Use map (LCLU-
I). The oldest edition of the LCLU was based on American flight photographs made in 1956 over
the Barcelona Province. It was recently processed and for this reason includes 241 categories, as
many as the later editions. LCLU-1956, LCLU-IIT and LCLU-IV use a hierarchical legend with
5 levels of categories. In order to compare the different time editions and analyse the evolution
of land use, all maps have been homogenised in a common resolution of 2.5 m x 2.5 m and have
been classified using 24 categories as used in LCLU-I. Taking into account the heterogeneity of
the region and its hydraulic features, a streamlined method has been applied to estimate the
runoff, based on the application of the runoff coefficients proposed by Chow et al. (1988) for
different return periods. Taking into account that the average slope in the MAB is between 2
and 7 %, we considered that runoff coefficients only depend on the return period (Table 4.2).
The 24 initial categories of the LCLU have been merged into 7 categories according to land

permeability, in order to avoid the dispersal that excess categories would cause.

Return Period
2 \5 \10\25\50\100\500

Permeability categories LCLU categories

Lakes 0 0 0 0 0 0 0 Wetlands, beaches, water, canals and
ponds, urban ponds

High perviousness 0.31 | 0.34 | 0.36 | 0.40 | 0.43 | 0.47 | 0.57 | Forest (dense, not dense, riverside)

Moderate perviousness | 0.33 | 0.36 | 0.38 | 0.42 | 0.45 | 0.49 | 0.58 | Meadows, bushes

Low perviousness 0.35 | 0.38 | 0.41 | 0.44 | 0.48 | 0.51 | 0.60 | Crops, populus and platanus planta-
tions

Low imperviousness 0.35 | 0.39 | 0.41 | 0.45 | 0.48 | 0.52 | 0.58 | Recent reforestation, burned areas,
forest tracks and firebreaks

Moderate impervious- | 0.40 | 0.43 | 0.45 | 0.49 | 0.52 | 0.55 | 0.62 | Vacant lots, sport and recreational
ness areas

High imperviousness 0.74 | 0.78 | 0.82 | 0.87 | 0.91 | 0.96 | 1.00 | Scree slopes, snowdrifts and glaciers,
urban areas, roads and train tracks,
mines

Table 4.2: Runoff coefficients for each category and return period (Chow et al., 1988)

Each layer has been classified in a category with an assigned runoff coefficient. All this
information has been aggregated on a municipal scale as the average of all the pixels. Con-
sequently, each municipality is characterised by the previously selected return periods and a

runoff coefficient, calculated using the average of all the pixels included in it. Although it only
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provides an approximate runoff, this approach is typical used in urban public works and helps
improve estimates for running or accumulated water that can affect exposed assets and the
population in general. The advantage is that it can be used in regional analysis.

The return periods for rainfall have also been obtained on a municipal scale from the maps of
maximum daily precipitation expected in Catalonia for different return periods (Casas-Castillo
et al., 2005).

In this section (results in Section 4.3.2), we analyse the possible correlation between flood
damage, precipitation and runoff for the extraordinary and catastrophic flood episodes that
affected the MAB between 1996 and 2015. We selected 10 extraordinary and 3 catastrophic
flood episodes, considering their individual impact in each one of the 36 municipalities. That
means, our minimum unit of study in this section is the municipality. Table 4.3 shows the

episodes studied along with their start/end dates and their category (according to their impact).

| Start date [ End date [ Event category |

02/12/1998

02/12/1998

Extraordinary

03/09/1999

04/09,/1999

Extraordinary

13/09/1999

15/09,/1999

Extraordinary

10/06,/2000

12/06,/2000

Extraordinary

31/07/2002

02/08/2002

Extraordinary

10/08,/2002

11/08,/2002

Extraordinary

12/09/2002

14/09,/2002

Extraordinary

08/10/2002

11/10/2002

Catastrophic

05/09,/2005

09,/09,/2005

Catastrophic

12/09/2006

15/09,/2006

Catastrophic

22/10,/2009

23/10,/2009

Extraordinary

30,/07/2011

31/07/2011

Extraordinary

28/09/2014

01/10/2014

Extraordinary

Table 4.3: Flood events recorded in the MAB when CCS data are available (1996-2015)

For each episode, the average precipitation values on a municipal level were obtained through
ordinary Kriging with ArcGIS. In order to obtain the daily runoff values, the runoff coefficient
on a municipal level (the average from the runoff categories for the different pixels) was multi-
plied by the accumulated daily precipitation. We consider the following variables: precipitation
over 24 h, accumulated precipitation for the entire duration of the episode, runoff, total damage,
damage relative to population density and damage relative to total population of the munic-
ipality. Correlation with damages was carried out for all the events, for the events in which
precipitation in 24 h exceeded the return period of 2 years and for events in which accumulated
precipitation surpassed 100 mm. The correlation analysis was achieved using the Spearman
test.

Finally, in the last part of this section, we also analyse the distribution of the precipitation
accumulated in 30-min, 24 h and for the full event, as well as the damage produced, according

to the flood impact category. The results are discussed in Section 4.3.2.
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4.2.3 Simple logistic regression model

In the case of the simple logistic regression model, the minimal unit of study is the entire
MAB region, which means each flood event corresponds to a single flood case. After gathering
together a list of all the floods that affected MAB between 1996 and 2015, we filtered them
based on specific rainfall thresholds (Pg). A previous study shows that with precipitation over
20 mm 30 min', extraordinary and catastrophic flood events can occur (Cortés et al., 2017) in
the region. Since the sample size is small, a 10 mm threshold was also used. In the case of the
damages, we considered three categories: (i) total damage (D), (ii) Damage Per Capita (DPC)
and (iii) Damage Per unit of Wealth (DPW), that means damage per unit of GDP. This allows
the estimation of the impact of socioeconomic factors on damage, while taking into account
population and wealth (Zhou et al., 2017).

Figure 4.1 shows the relationship between total damages (D) and precipitation (24 h and
30-min) in the MAB. Even if a linear regression indicates a significant link (p value < 0.01),
the explanatory power of the model for D and 24 h precipitation is rather low (r? = 0.22).
Better results are obtained for 30 min precipitation (r* = 0.54), underlying the importance of
considering finer temporal resolutions of precipitation data in the case of urban zones.

The large spread of Fig. 4.1 indicates that modelling insurance compensation is a complex
issue, due to the limitations in observational data and the concurrence of a variety of relevant
factors. For instance, monetary data could be affected by limitations, as the value of the assets
exposed and insurance coverage may change over time (Barredo et al., 2012). Unfortunately,

exact data on the value and location of assets exposed were not available at the time of analysis.

< 0.01 < 0.01

Figure 4.1: Scatter plot (a) damages (D) versus 24 h precipitation and (b) damages (D) versus 30 min
precipitation in units of log(mm) for flood events recorded in the MAB between 1996 and 2015. Each
point represents the total insurance compensation paid and the maximum 24 h precipitation and 30
min for each flood event in the MAB. The dashed line indicates the fit based on a linear regression
model
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However, the significant correlation between insurance compensation and precipitation sug-
gests that rainfall data can be used to extract information on damage in the MAB. To do
this, we applied a logistic regression model to gauge the probability of large damaging events
occurring given a certain precipitation amount (an approach that is frequently used for this
kind of modelling study: Kim et al., 2012; Wobus et al., 2014). That is, our aim is not to
estimate the precise amount of the monetary compensation, but to estimate when a ’large’
damaging event will occur given a certain precipitation amount. Since there is not a standard
definition of a large damaging event, we tested several cases: insurance compensation exceeding
the 50th, 60th, 70th, 80th and 90th percentile of the total sample. The response variable has
been transformed in binary variable, taking the value "1" when the specific damage percentile
is exceeded and "0" if it is not. This methodology is repeated for both precipitation thresholds
(10 and 20 mm in 30 min) and for the three damage indicators (D, DPC, DPW) for the whole
MAB, meaning we made a total of 30 models. Finally, the logistic model is calculated following
Eq. 5.1:

1og(£) = By + B P (4.1)

where 7 is the response variable (i.e. the probability above a certain percentile) and P is
the predictor (precipitation in 30 min in our case). The value of the 3 coefficient is determined
using Generalized Linear Models (GLMs). The Wald x? statistic is used to assess the statistical

significance of individual regression coefficients (Harrell Jr, 2015).

4.2.4 Validation method for the logistic model

The Relative Operating Characteristic (ROC) diagram was used as logistic prediction diag-
nostic, which shows the hit rate (i.e. the relative number of times a forecasted event actually
occurred) against the false alarm rate (i.e. the relative number of times an event had been
forecasted but did not actually happen) for different potential decision thresholds (Mason and
Graham, 2002). Thus, for each insurance compensation percentile and for each precipita-
tion threshold, the forecast probabilities for that event was first calculated, and then grouped
the probability forecasts into batches (here 100 with a width of 0.01) to count the observed
occurrences/non-occurrences. That is, the observed and forecasted series, expressed as continu-
ous amounts, were converted into exceedance categories (yes/no statements indicating whether
the data equal or exceed a selected probability). Then, the resulting elements were plotted on
a standard contingency table (see Table 4.4). The ROC diagram shows the hit rate (H) against

the false alarm rate (F). These indices are defined as

H = 0< H<1 (4.2)
a-+c
Fel o<r<i (4.3)
=Sk s



4. Flood risk in the Metropolitan Area of Barcelona

Observed
Yes No
Yes a b
Forecast No c q

Table 4.4: Contingency table to support eq.4.2 and eq.4.3

4.3 Results

4.3.1 Spatial distribution
Flood events in the MAB

A total of 61 flood events were recorded in the Metropolitan Area of Barcelona (Figure 4.2)
for the 1996-2015 period, which means an average of more than three events per year. The
summer and autumn months have the highest number of flood events, with September having
the most (31 %), followed by October (16 %). The municipality of Barcelona recorded a total
of 37 events between 1996 and 2015, all due to in situ precipitation and drainage problems in
the city (Llasat et al., 2016a).

e~ Barcel
o

Yo 4

Figure 4.2: Flood events in the MAB municipalities for the period 1996-2015

Precipitation in the MAB

Figure 4.3 shows the average annual rainfall of the AEMET’s weather stations used. As can
be observed, these values are around 530 and 650 mm per year, with the westernmost station

presenting the highest values.
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Annual average precipitation (mm)
530
561

@® 585

® 594

® 652

[] Municipalities

Figure 4.3: Annual average rainfall (mm) of the AEMET stations with more than 90 % valid data over
the period 1996-2015. The black lines represent the delimitation of each of the 36 municipalities that
constitute the MAB

Insurance compensation paid due to flood events in the MAB

The insurance compensation paid by the CCS for floods amounted to 86.30 M Euro, which
represents 20 % of the total compensation paid by the CCS in Catalonia. The city of Barcelona

also receives the most compensation for floods (around 24 M Euro).

Compensation due to floods (thousands of €)
1996-2015

[ ]21-1s3

[ ] 154-647
[ 648- 1234
I 1235-3590
B 3501 - 23982

Figure 4.4: Insurance compensation paid by CCS due to flood events at municipal level for the period
1996-2015 (thousand Euro)
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4.3.2 Relationship between precipitation and flood damage
Precipitation, runoff and flood damage correlations

In order to estimate the correlations between precipitation, runoff and damages, first of all,
we only considered cases that caused catastrophic impacts in the MAB, before looking at all
the extraordinary and catastrophic events documented in the region. Table 4.5 summarises
the results obtained for catastrophic cases, highlighting the larger correlation values. In all
cases, the correlations were significant at 95 % using the Spearman test. As can be observed,
correlations between damages and runoff are stronger than the former with precipitation. This
result may be explained by the stream’s impact in flood damages and suggests the importance

of the type of soil cover as a determining factor in the analysis of flood risk.

Total damage Damage/population Damage/population
(M Euro) density (Euro/inhab km?) (Euro/inhab)

Precipitation 24 h (mm) 0.19** 0.22%* 0.26**
Precipitation 24 h (mm) with T>2 0.33** 0.36** 0.46**
years
Accumulated precipitation 0.23%* 0.23%* 0.29*%*
Accumulated precipitation >100 mm 0.35%* 0.40%* 0.50**
(mnm)
Runoff 24 h (mm) 0.29* 0.32%* 0.27%*
Runoff 24 h (mm) for precipitation in 0.57* 0.38** 0.50%*
24 h with T>2 years
Estimated runoff (mm) for accumulated 0.41%* 0.27%* 0.35%*
precipitation
Estimated runoff (mm) for accumulated 0.60* 0.44%** 0.55%**
precipitation>100 mm

Table 4.5: Correlation values between damage (CCS), precipitation and runoff for catastrophic flood
events for the 1996-2015 period (with available CCS data). The best results are in bold. *p value
<0.1; **p value <0.05

Figure 4.5 shows the best correlation results and the histograms for each variable (pre-
cipitation and accumulated runoff) for all of the flood cases (extraordinary and catastrophic)
when the accumulated total rainfall was greater than 100 mm. As in catastrophic episodes,
precipitation is more closely related (a correlation of 0.51) to the density of damages (damages
per inhabitant), whereas runoff relates slightly better to total damage (0.60). This behaviour
might be a consequence of the fact that the runoff already takes into account land use through
the runoff coefficient. A larger population is associated with a larger impermeable surface and
thus with a higher mean runoff value. Nevertheless, it must be taken into account that the

drainage network is not considered.
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Figure 4.5: Correlation results for extraordinary and catastrophic flood events where the total accu-
mulated precipitation recorded was more than 100 mm, over the 1996-2015 period (for which CCS
data are available)

Finally, we analysed the distribution of precipitation over 24-h, 30-min rainfall intensity,
accumulated precipitation and damage according to the flood category (1: extraordinary, 2:
catastrophic) for the full event (Fig. 4.6; Table 4.6). As could be expected, accumulated pre-
cipitation and damages are higher for catastrophic floods than for extraordinary ones. The
extraordinary episodes have a mean maximum 24-h precipitation of 68 mm, whereas catas-
trophic episodes have a mean maximum of 118 mm. Furthermore, 75 % of the former have
a maximum 24-h value higher than 55 mm. The maximum precipitation intensity values of
the two categories are very high, at around 29 and 50 mm in 30 min for extraordinary and
catastrophic episodes, respectively. These results confirm that the most common type of floods
in this region, flash floods, are consequence of intense and short precipitation events (Llasat
et al., 2016b).
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Figure 4.6: Boxplots showing the distribution according to the flood category (1 extraordinary, 2 catas-
trophic): precipitation in 24 h (a); precipitation in 30 min (intensity) (b); accumulated precipitation
(c); and damage (d)

Extraordinary Catastrophic
Q1 Q2 Q3 Q1 Q2 Q3
Precipitation in 24 h (mm) 56 68 115 93 118 152
Intensity (mm min) 28 29 43 40 50 53
Accumulated precipitation (mm) 56 68 139 160 189 236
Damage (M Euro) 0.21 0.71 2.67 3.14 3.63 9.12

Table 4.6: Quartiles (Q1 = 25th percentile; Q2 = median; Q3 = 75th percentile) distribution for
precipitation and damage variables according to flood category

The greatest differences in precipitation come from the total amount per episode, where the
median for catastrophic floods was more than 175 % larger than for extraordinary events. In
fact, the latter have mean cumulative precipitation values equal to those of 24-h precipitation,
indicating that the majority of episodes that produce extraordinary impacts have a duration
of 1 day or less, as proposed in Llasat et al. (2016a). In terms of damages, catastrophic events
produce median losses in the MAB that exceed 3 M Euro per episode, while in the case of
extraordinary episodes these values are generally below 1 M Euro. This result is interesting
because it allows to associate an objective criteria based on total insured losses paid by the

CCS to distinguish between extraordinary and catastrophic events.
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Simple logistic regression in the MAB

In order to estimate when a 'large’ damaging event will occur with a given precipitation amount,
a logistic regression model was used. Figure 4.7 shows a logistic regression example for the
events that affected the MAB and exceeded a maximum precipitation of 10 mm in 30 min
(P’=10 mm 30 min™'). The model is capable of simulating the probability of total damage
(D) above and below the 70th percentile as a function of 30 min precipitation (this percentile
corresponds to 0.44 M Euro for the 1996-2015 series; see Table A.1, Appendix section). This
result is consistent with the hypothesis that precipitation could be considered a good indicator
of flood risk.
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Figure 4.7: Example of a logistic regression result used to model damages (D) above the 70th percentile
as a function of 30 min precipitation in units of log (mm) for the MAB. The red line indicates the best
estimate and the grey bars show the frequency of the events that are above (top) and below (bottom)
the 70th percentile. (Pg=10 mm 30 min™!)

As could be expected, this probability increases with precipitation. The regression equation

of this example follows the formula 4.4:

1og(£) — —12.54 + 3.64P (4.4)

It is important to assess whether this model can be used to separate positive and negative
anomalies. The models presented in this work are not deterministic and users need to take
into account the uncertainty of the forecast expressed by these probabilities. For example,
users could decide to take action when a 10 % probability of an above-70th-percentile event
is forecast. In this case most of the observed events are forecast, that is, the hit rate (i.e.
the relative number of times a simulation event actually occurred) is close to 1, but this also
implies a higher false alarm rate (i.e. the relative number of times an event had been simulated

to occur but did not actually happen). On the other hand, if a higher threshold is used, we can
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reduce the number of false alarms, but at the expense of a greater number of missed events.
The choice of the decision threshold is a function both of the skill of the forecast and the cost
/ loss ratio of the user. In any case, in a forecasting system affected by uncertainties, missed
events can be reduced only by increasing false alarms and vice versa. In order to validate the

model, we considered the ROC diagram (see Fig. 4.8).
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Figure 4.8: Relative operating characteristic (ROC) diagram for predictions for damage indicator D
above the 70th percentile for the MAB using the logistic regression of Eq. 4.4. Each value of the ROC
curve indicates a set of probability forecasts by stepping a decision threshold with 1 % probability
through the modelling results. The numbers inside the plot are the ROC area (RA) and the best
threshold (BT), here defined as the threshold that maximises the difference between the hit rate (H)
and the false alarm rate (F). (Po=10 mm 30 min™!)

The area under the ROC curve (RA) is a useful measure for summarising the skill of a
model. RA ranges from 0, for a forecast with no hit and only false alarms, to 1, indicating a
perfect forecast. Models with an RA above 0.5 have more skill than random forecasts. Figure
4.8 shows that our model has skill: the ROC curve is well above the identity line, with an RA of
0.83. The Best Threshold (BT) in this illustrative example is 0.43. This means that if we want
to maximise the H-F difference (but please note that users could define other best thresholds
according to their cost / loss ratio), an above 70th percentile damaging event is to be expected
when our model predicts a probability higher than 0.43; resulting in H = 0.77 (this means that
77 out of 100 events are correctly modelled) and F = 0.14 (this means that 14 out of 100 events
were modelled as an ’event’ when it did not actually happened). For example, in this case (BT
= 0.43) a precipitation amount higher than 30 mm in 30 min is needed to expect a damaging

event above the 70th percentile for damage indicator D (0.44 M Euro).
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| Percentile| Damage | B0 | B | RA |
50 D -15.43 4.99 | 0.89
DPC -15.43 4.99 | 0.89

DPW -10.77 3.48 | 0.83

60 D -14.12 4.34 | 0.87
DPC -12.75 3.81 | 0.85

DPW -13.27 4.02 | 0.86

70 D -12.54 | 3.64 | 0.83
DPC -11.25 3.20 | 0.81

DPW -11.38 3.29 0.81

80 D -16.06 4.45 | 0.88
DPC -25.19 6.99 | 0.95

DPW -16.06 4.45 | 0.88

90 D -22.39 5.89 | 0.93
DPC -18.47 4.71 | 091

DPW -18.47 4.71 | 091

Table 4.7: Parameters of the logistic model and RA values for the MAB level with 10 mm 30 min™
maximum precipitation threshold. All the results are significant (p value < 0.05). See Table A.1 of
the Appendix section for the damage thresholds definition. Number of flood cases: 38

Table 4.7 summarises the model parameters and performance considering all the percentiles
and the three categories of damage used for a precipitation threshold of 10 mm 30 min™?. In
each case, precipitation is a significant predictor (p value < 0.05) and the models have skill and
significant RA values (the significance is estimated using a Mann-Whitney U test; Mason and
Graham, 2002). Similar results were obtained for the three damage categories.

Figure 4.9 shows the same example (70th percentile of D damage category) as the Figure

1

4.7 but using the precipitation threshold of 20 mm 30 min™. In this example, the regression

equation follows the formula 4.5:

1og(£) = —20.55 + 8.11P (4.5)

As in the previous example the probability of a damaging event (70th) increases with 30
min precipitation. In this case the model seems to perform better than the sample using 10
mm 30 min™! precipitation threshold. However, not all the models are statistically significant
(see Table 4.8).

Figure 4.10 shows the ROC diagram for predictions of total damages (D) above the 70th
percentile for the MAB, using a precipitation threshold of 20 mm 30 mint. The total RA
(0.92) shows that our model for the MAB has skill. In this case, we would obtain the biggest
difference between the hit and false rates when our model predicts a probability higher than
0.30. That is, the best threshold is 0.30, with 86 % of the events well predicted (H = 0.86) and
12 % being false alarms events (F = 0.12). In this example, a precipitation amount higher than

1

35 mm 30 min " is needed to expect a damaging event above the 70th percentile for damage

indicator D (1.82 M Euro; see Table A.1, Appendix section).

ol



4. Flood risk in the Metropolitan Area of Barcelona

1.0 0

0.8
10

0.6

Probability
Frequency

0.4

0.2

/—I

0.0 [ I 1 o
T T T T T

a0 a2 34 36 e 40

log(precipitation)

Figure 4.9: Example of a logistic regression result used to model damages (D) above the 70th percentile
as a function of 30 min precipitation in units of log (mm) for the MAB. The red line indicates the best
estimate and the grey bars show the frequency of the events that are above (top) and below (bottom)
the 70th percentile. (Pg=20 mm 30 min™!)
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Figure 4.10: Relative operating characteristic (ROC) diagram for predictions for damage indicator D
above the 70th percentile for the MAB using the logistic regression of Eq. 4.5. Each value of the ROC
curve indicates a set of probability forecasts by stepping a decision threshold with 1 % probability
through the modelling results. The numbers inside the plot are the ROC area (RA) and the best
threshold (BT), here defined as the threshold that maximises the difference between the hit rate (H)
and the false alarm rate (F). (Pg=20 mm 30 min!)

Table 4.8 summarises the model parameters and performance considering all the percentiles
and the three categories of damage used for a precipitation threshold of 20 mm 30 mint. In
this case, precipitation is not a significant predictor (p value < 0.05) in all the cases, possibly

due to the reduced sample size (21 flood cases).
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4.4. Conclusions

| Percentile| Damage | By | Bi [ RA |
50 D -36.11 10.59 0.92
DPC -36.11 10.59 0.92

DPW -31.20 9.14 0.89

60 D -55.58 16.02 0.95
DPC -35.08 9.93 0.92

DPW -30.72 8.79 0.90

70 D -29.55 8.11 0.92
DPC -22.43 6.11 0.87

DPW -29.55 8.11 0.92

80 D -21.66 5.70 0.87
DPC -21.66 5.70 0.87

DPW -21.66 5.70 0.87

90 D -27.17 6.92* 0.92
DPC -27.17 6.92* 0.92

DPW -27.17 6.92%* 0.92

Table 4.8: Parameters of the logistic model and RA values for the MAB level with 20 mm 30 min™
maximum precipitation threshold. * Indicates no significance (p value > 0.05). See Table A.1 of the
Appendix section for the damage thresholds definition. Number of flood cases: 21

4.4 Conclusions

The Metropolitan Area of Barcelona (MAB) has been affected by 61 flood events between 1996
and 2015, which translates to an average of more than three episodes of flooding per year,
some of them with catastrophic effects. As a result of these events, 3 people lost their lives
in this region and the compensation paid by the CCS exceeded 86 M Euro during this period.
Consequently, there is no doubt that flooding is one of the most important natural hazards
affecting Barcelona and its metropolitan area. The majority of the damage caused by flood
events is due to local events, with intense and short-lived rainfall rather than river overflow
(Llasat et al., 2014a; Cortés et al., 2018). Therefore, it is assumed that precipitation is the main
contributing factor for damage caused by this type of events. To corroborate this hypothesis,
two main analysis have been carried out.

First of all, a correlation analysis at municipality level has been done. The results show a
value of 0.23 between accumulated precipitation and total damages. However, higher signifi-
cant correlations were found between precipitation and the density of damages (damages per
population adjusted to each year). The correlation surpasses 0.5 when considering events that
recorded more than 100 mm in 24 h. Particularly, the correlation between estimated average
runoff and total damages in the event, at municipal scale, is 0.60. This study also suggested
a classification of flood events in basis of different impact indicators: an extraordinary flood
event would be characterised by an average daily precipitation of around 68 mm, a maximum
intensity of 30 mm in 30 min and 1 M Euro in insured damages. These values would correspond
to a catastrophic flood of 118.50 mm and 3 M Euro, respectively.

On the other hand, the relationship between precipitation and compensation paid by insur-
ance companies for the entire event was studied using simple logistic regression models. To take

into account the differences in vulnerability and exposure in the territory, we considered three
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types of damage: total damage, damage per capita (divided by the population) and damage
per unit of GDP. Linear regression has shown that 30 min precipitation is linked more closely
to damages than 24 h precipitation, and the results of the logistic regression have shown that
the model with 30 min precipitation has a good skill with RA values higher than 0.8 in all
cases. Therefore, we have been able to confirm that 30 min rainfall is a better predictor of the
probability of large damages than daily rainfall in urban areas, and this result confirms previous
studies such as that of Torgersen et al. (2015), who found a significant relationship between
insurance data and short-lasting rainfall when studying urban floods in Norway. In addition,
Spekkers et al. (2013) showed that high claim numbers associated with private property and
content damage were significantly related to maximum rainfall intensity, based on a logistic
regression, with rainfall intensity for 10 min to 4 h time windows.

Overall, our results confirm the hypothesis that precipitation is a key factor in explaining
the damage caused by flood events in regions in which surface water floods are the main type
of flood, as is the case of the Mediterranean region of study. Also our findings align with
the results of previous studies (Spekkers et al., 2013; Zhou et al., 2013; Wobus et al., 2014;
Torgersen et al., 2015) and further indicate that insurance databases are a promising source for
flood damage assessment at local scale (Garrote et al., 2016; Bihan et al., 2017; Zischg et al.,
2018; Zhou et al., 2013).
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Chapter 5

Application of the simple and multiple

logistic regression model to Catalonia

Abstract

The main objective of this chapter? is to develop statistical models to estimate the probability
of a damaging event in the Catalonia region, based on precipitation as well as considering the
exposure and vulnerability of the territory. Two different logistic models were tested. Firstly,
simple logistic regression with daily precipitation as the only explanatory variable and three
response variables. Secondly, multiple logistic regression with 30-minute precipitation together
with the proportion of urban zone and mean slope of the basin as explanatory variables and
total damages as the unique response variable. The second model provided better results.
Overall, results show that our model is able to simulate the probability of a damaging event as
a function of precipitation. In general, highly urbanised and steeper basin will have a higher
probability of a damaging event occurrence than a less urbanised and flat one. These results
point out the importance of taking into account the exposure and the vulnerability of the

territory in flood damage analysis.

5.1 Introduction

Most floods that have affected the region of study, north-east of Spain, are surface water floods
that caused catastrophic damage (Llasat et al., 2014a, 2016b; Cortés et al., 2018). The majority
of these flood events are caused by intense and short-lived rainfall rather than river overflow
(Llasat et al., 2014a).

The objective of this chapter is to estimate the probability that an event producing large
damage would occur in the Catalonia region given a particular precipitation amount but also
taking into account the exposure and vulnerability of the territory. Therefore, the first novelty
of this chapter with respect to the previous one (Chapter 4) is the change in the area of the
study, which is 50 times larger than the Metropolitan Area of Barcelona (MAB) along with a

2The contents of this chapter have been partially published in Cortés et al. (2018)
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much more heterogeneous region. For this reason, the river-basin-scale has been chosen for this
study in order to divide the territory into different comparable units (see Figure A.1 and Table
A.6, Appendix section). Furthermore, apart from the simple logistic model also developed in
Chapter 4, multiple logistic regression models have been used, in order to improve the analysis
by incorporating new variables in the model that provide information on the exposure and
vulnerability of the territory.

In order to do this, and following the scheme of the previous chapter, first the different
variables that have been taken into account in the study are represented (Section 5.3.1). Then,
the possible relationships between damage caused by flood events and their drivers are analysed
using two different methodologies (Section 5.3.2): simple logistic regression and multiple logistic
regression. That means, different logistic regression models have been developed to determine
when a damaging event will occur (i.e. exceeding different percentiles of damage) in the region
of Catalonia. Finally, the Conclusions section summarises the main results obtained in this

chapter and the novelties incorporated regarding to the previous one.

5.2 Methods

The main characteristics of the region of study as well as the data sources used in this chapter
are explained in Chapter 3. In Section 5.3.1 of the present chapter the main variables used are
represented. The river-basin-scale is the spatial resolution selected for studying the relationships
between precipitation and flood damages in Catalonia by developing logistic regression models.

In the case of the simple logistic regression model, the precipitation accumulated over 24
h is the single explanatory variable of the model, while three different damage indicators have
been used for the response variable: (i) total damages (D), (ii) damage per capita (DPC) and
(iii) damage per unit of GDP (DPW). In the case of the multiple logistic regression model,
the maximum precipitation recorded in 30 minutes together with the proportion of urban zone
and the mean slope of the basin have been used as explanatory variables. The total amount of
damage recorded in the basin is the only response variable for this model. Further information
about the characteristics of the simple and multiple logistic regression models is described in

sections 5.2.1 and 5.2.2, respectively.

5.2.1 Simple logistic regression model

The simple logistic regression model has been developed following the same methodology as in
the case of the MAB (Chapter 4), however there are some differences, due mainly to the change
of spatial scale, that are explained below.

Because the available data are too sparse to support our statistical assessment on a municipal
scale, we assessed the precipitation-compensation link for Catalonia as a whole. That is, we
sampled pairs of the response variable (i.e. the compensation series) and the 24 h precipitation
per basin recorded, and pooled them into one sample for the entire region (Catalonia) to

correlate them. For each event there can be more than one pair of values, depending on the
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number of affected catchments. From now on we will use the expression "flood case" for each
pair of values corresponding to a basin affected by a flood event.

As in the case of the MAB (Chapter 4) three categories of damages have been considered:
(i) total damages (D), (ii) damage per capita (DPC) and (iii) damage per unit of GDP (DPW).
After gathering together a list of all the floods that affected Catalonia between 1996 and
2015, we filtered them based on specific rainfall thresholds (Pg). The Social Impact Research
Group, created within the framework of the MEDEX project (MEDiterranean EXperiment on
cyclones that produce high impact weather in the Mediterranean; http://medex.aemet.uib.es)
established a threshold when a maximum rainfall of over 60 mm in 24 h was recorded to indicate
the expected social impact for rain events in Catalonia (Amaro et al., 2010; Jansa et al., 2014).
Barberia et al. (2014) suggested that the threshold of 40 mm 24 h™! is better for urban areas.
Thus, both the precipitation threshold of 40 mm 24 h™! and 60 mm 24 h™! have been considered.

Furthermore, different spatial aggregations have been used in order to do a set of sensi-
tivity tests (see Table 5.1): (i) basins (considering both maximum and mean precipitation of
the basin), (ii) taking into account only coastal basins, and (iii) the AEMET warning areas,
which has also been used in other studies like Quintana-Segui et al. (2016). The precipitation
thresholds of 40 and 60 mm in 24 h have been applied for all these spatial units. In addition,
we have tested the use of maximum and mean precipitation of the basin. That means a total
of 120 models developed. Given that similar results have been obtained, the basin has been

the spatial resolution selected since is the most translatable to other regions.

. . Maximum precipitation Mean precipitation
Spatial aggregation 40 mm ‘ 60 mm 40 mm ‘ 60 mm
Basins X X X X
Coastal basins X X
Warming areas X X

Table 5.1: Summary of the different sensitivity tests done for the simple logistic regression models
developed in Catalonia (marked with "X"). Grey cells indicate the models selected and explained in
the main text

The results obtained with the average precipitation of the basin, with only considering
coastal basins and using the warning areas aggregation are shown in Cortés et al. (2018) (see
Appendix B). Therefore, in the main text the 24 h maximum precipitation recorded in the
basin has been used as the driver for flood damage in Catalonia in the simple logistic regression
model, and two samples considering the precipitation thresholds of 40 mm 24 h™' and 60 mm
24 h! have been considered (grey cells Table 5.1).

Figure 5.1 shows the relationship between the three categories of damages (D, DPC and
DPW) and precipitation (log-transformed) in Catalonia for the 60 mm 24 h™' threshold. Even
if a linear regression indicates a significant link (p value < 0.05), the explanatory power of the
model for D is rather low (r? = 0.09). Marginally better results are obtained for the damage
indicators DPC and DPW (r? = 0.14 and r? = 0.16 respectively), underlying the importance of
considering the impacts of population and wealth on damage. That is, this analysis corroborates

the common experience that, given the same level of heavy precipitation, the total damage is
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larger where the level of wealth is higher. As in the MAB case (Chapter 4), the significant
correlation between insurance compensation and precipitation suggests that rainfall data can
be used to extract information on damage in Catalonia, although the large spread of Figure
5.1 indicates that other methodology is needed instead of simple linear regression. For this
reason and following the same successful methodology used in the previous chapter, we applied
a logistic regression model to gauge the probability of large damaging events occurring given
a certain precipitation amount. That is, our aim is not to estimate the precise amount of
the monetary compensation, but to estimate when a ’large” damaging event will occur given a
certain precipitation amount. As in the case of the MAB, we tested several cases for defining
large damaging event: insurance compensation exceeding the 50th, 60th, 70th, 80th and 90th
percentile of the total sample. This methodology is repeated for both precipitation thresholds
(40 and 60 mm) and for the three damage indicators (D, DPC, DPW).
Finally, the simple logistic model is calculated following Eq. 5.1:

10%(&) = Bo + /i P (5.1)

where 7 is the response variable (i.e. the probability above a certain percentile) and P is
the predictor (24 h precipitation in our case). The value of the § coefficient is determined
using generalized linear models (GLMs). The Wald x? statistic is used to assess the statistical

significance of individual regression coefficients (Harrel, 2015).

<0.01 <0.01

<0.01

Figure 5.1: Scatter plot showing maximum precipitation in 24 h (mm) and (a) total damages (D), (b)
damage per capita (DPC), and (¢) damage per unit of wealth (DPW), for flood events recorded in
Catalonia between 1996 and 2015 (log-transformed values; damages are given in Euro). Each point
represents the insurance compensation series (D, DPC or DPW) and the maximum 24 h precipitation
for each basin. The dashed line indicates the fit based on a linear regression model. (Py=60 mm 24

h!)
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5.2.2 Multiple logistic regression model

In order to develop a multiple logistic regression model a variable selection process is needed
to choose the explanatory variables that more information provide to the dependent (response)
variable of the model. The unique dependent variable in this case is the total amount of com-
pensation paid by CCS due to flood events in each affected basin and event. The explanatory
(or independent) variables that have been taken into account in the selection process in order
to built the best model are: maximum and mean 24 h precipitation recorded in the basin;
maximum precipitation accumulated in 30 minutes; mean slope of the basin; proportion of
urban zone; total population and GDP. Out of this group of independent variables, a selection
of the greater contributors to the model has been performed. The method used was Stepwise
Regression method (R Core Team, 2018), both backward and forward. Furthermore, this pro-
cess has been validated with the estimation of two indicators of the goodness of the model for
each possible combination of the explanatory variables: AIC (Akaike Information Criterion)
and the area under the ROC curve (RA). Nine percentiles of damage have been selected in
order to define a damaging event: 10th, 20th, 30th, 40th, 50th, 60th, 70th, 80th, 90th. As in
the case of the simple logistic regression, the response variable has been transformed in binary
variable, taking the value "1" when the specific damage percentile is exceeded and "0" if it is
not.

The results of the Stepwise Regression method have shown that the explanatory variables
that contribute the most to the model are: maximum precipitation recorded in 30 minutes,
slope, GDP and proportion of urban zone of the basin. The last two mentioned variables
present a high correlation (0.8) and therefore do not provide new information, reason why
they do not coincide in the same model. Equation 5.2 shows the model that has obtained the
best values of AIC (lower values of AIC means that the loss of information is minimised) and
RA (values close to 1 means that the model is more likely to distinguish between event and

non-event):

M1: log(:7=) = o+ 3P + AU + S (5.2)

Where 7 is the response variable (the probability of exceeding a specific damage percentile),
P is the maximum precipitation accumulated in 30 minutes, U the proportion of urban zone
of the basin and S the mean slope. The regression coefficients have been estimated using
Generalized Linear Models (GLMs). The Wald x? statistic has been used to determine the
statistical significance for each of the regression coefficients (see Cortés et al., 2018 for further
information).

In the case of the multiple logistic regression model, the dataset has been divided in two
samples according to the precipitation recorded in 30 minutes (> 10 mm and > 20 mm). These
thresholds have been chosen based on previous studies (Cortes et al., 2017, 2018) in which it is
proved that floods usually occur in Catalonia when these values are exceeded. The results of

the models for both precipitation thresholds are shown in Section 5.3.2 of the present chapter.
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5.2.3 Validation method

Similarly to what was done for the MAB region (Chapter 4), in order to validate both logistic
regression models (simple and multiple) the ROC diagram was plotted (see Section 5.3.2). The
area under the ROC curve (RA) is a useful tool for summarising the skill of a model. For

further information about this method see Section 4.2.4 of Chapter 4.

5.3 Results

5.3.1 Spatial distribution
Flood events in Catalonia

Catalonia has recorded 166 flood events between 1996 and 2015. Barcelona is the most affected
municipality with a total of 37 flood events registered for this period (Figure 5.2). The most

affected basin was the Maresme basin with a total of 68 events (Figure 5.3).
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Figure 5.2: Flood events recorded in the municipalities of Catalonia for the period 1996-2015
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[] Basin
Number of flood events 1996-2015
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Figure 5.3: Flood events recorded in the basins of Catalonia for the period 1996-2015

Around 49 % of the events occurred during the months of July, August and September, with
the latter month having the highest percentage of events (22 %). The most severe or catas-
trophic events occurred in autumn, with 77 % of these events taking place between September
and November (Llasat et al., 2016b).

Precipitation in Catalonia

The selected weather stations (for further information see Chapter 3) with their mean annual
precipitation value for the period 1996-2015 are represented in Figure 5.4. These values show
a vastly wide range, with drier climates to the west of the study region with values lower than
300 mm per year and wetter climates with values close and above 1,000 mm per year in the

north of the region.
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Figure 5.4: Average annual precipitation (1996-2015) for AEMET weather stations with effectiveness
value > 90 %
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Figure 5.5: Total compensation paid by CCS due to floods for each municipality of Catalonia for the
period 1996-2015
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Figure 5.5 shows the compensation paid by the Insurance Compensation Consortium (CCS) due
to flood events in each municipality of Catalonia for the period 1996-2015. Overall, Catalonia
has received 436.40 M Euro between 1996 and 2015 in compensation for floods. Tarragona is
the municipality that has received a greater amount of compensation from CCS during this
period with a total value of around 26 M Euro (Figure 5.5). However, the basin that has
recorded more damages is the Besos with a total compensation amount higher than 45 M Euro
according to CCS (Figure 5.6).

[] Basin
Compensation due to flood events 1996-2015 (M€)
<9

[ 9-18

B 18-27
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Figure 5.6: Total compensation paid by CCS due to floods for each basin of Catalonia for the period
1996-2015

Population and Gross Domestic Product in Catalonia

The average population per basin in the region of Catalonia for the period 1996-2015, is rep-
resented in Figure 5.7. Although the Barcelona catchment area is one of the smallest basins
(93 km?), it is the most populated one. Around 2 million of people (28 % of the total popula-
tion of Catalonia) live in this basin, resulting in a total population density higher than 20,000

inhabitants km™.
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Figure 5.7: Average population per basin in Catalonia for the period 1996-2015

Figure 5.8 shows the average of the total Gross Domestic Product per basin of Catalonia
for the period 1996-2015. As could be expected, the catchment area of Barcelona shows the
highest GDP value, since it is also the most populated one (see Figure 5.7). The GDP of the
basins of Barcelona represents the 39 % (67,773 M Euro) of the total Catalonia region.

Overall, there is a good spatial correlation among the four variables presented in this study.
The basins with more recorded flood events are those that received more insurance compensa-
tion for flood damage and have higher population and GDP. For example, the Maresme Basin
was affected by 41 % of the recorded events (see Figure 5.3) with damages that add up to
24.60 M Euro between 1996 and 2015 (see Figure 5.6). Coastal municipalities are the most
affected by flood events and where there is the most damage (see Figures 5.2 and 5.5). This is a
consequence of high vulnerability (the most vulnerable buildings and infrastructure are on the
coast), exposure (population and tourism are concentrated in the coastal regions) and hazards

(floods associated with local heavy rain events are frequent; Llasat et al., 2014a, 2016b).
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Figure 5.8: Average of the annual Gross Domestic Product in each basin of Catalonia for the period
1996-2015

5.3.2 Relationship between precipitation and flood damage
Simple logistic regression

The 166 flood events recorded in Catalonia for the period of study represent a total of 596 flood
cases (i.e. pair of precipitation-damage values at a basin scale). 66 % of these flood events went
beyond the 40 mm 24 h'! precipitation threshold (313 flood cases) and 49 % went over the 60
mm 24 h™! threshold (226 flood cases).

In order to estimate when a ’large’ damaging event will occur with a given precipitation
amount, a logistic regression was used. Figure 5.9 shows a logistic regression example, using
the precipitation threshold of 40 mm 24 h, that indicates that the model is able to simulate
the probability of DPW above and below the 70th percentile as a function of precipitation
(see Table A.2 of the Appendix section for damage percentiles). This figure illustrates that
the probability of reaching above the 70th percentile for DPW increases when there is a large
amount of rain. This result is consistent with the hypothesis that 24 h precipitation could be
considered a good indicator for flood risk. For this example the regression equation follows the
Eq. 5.3:

log(&) — —8.01+ L61P (5.3)
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Figure 5.9: Example of logistic regression result used to model DPW damages above the 70th percentile
as a function of precipitation (log-transformed precipitation given in millimetres). The red line indicates
the best estimate and the grey bars show the frequency of the events that are above (top) and below
(bottom) the 70th percentile. (Po=40 mm 24 h!)

0.6 0.8

True positive rate
0.4

0.2

04 » 06 08 1
False positive rate

Figure 5.10: Relative operating characteristic (ROC) diagram for above 70th DPW predictions using
the logistic regression of Eq. 5.3 (Pp=40 mm 24 h™'). Each value of the ROC curve indicates a set
of probability forecasts by stepping a decision threshold with 1 % probability through the modelling
results. The numbers inside the plot are the ROC area (RA) and the best threshold (BT), here defined
as the threshold that maximises the difference between the hit rate (H) and the false alarm rate (F)

In order to validate the model, we considered the area under the ROC curve (RA). Figure
5.10 shows that our model has skill: the ROC curve is well above the identity line, with an RA
of 0.69. The ’best threshold’ in this illustrative example is 0.42. This means that if we want

to maximise the H-F difference, an above 70th percentile damaging event is to be expected
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when our model predicts a probability value of 0.42, resulting in H = 0.46 (Hit rate) and F =
0.11 (False alarm rate). For example, in this case (BT = 0.42) a precipitation amount higher
than 118 mm is needed to expect a damaging event above the 70th percentile for the damage
indicator DPW (61.45 Euro / GDP; see Table A.2, Appendix section). Table 5.2 summarises
the model parameters and performance considering all the percentiles and the three categories
of damage used for the precipitation threshold of 40 mm 24 h™!. In each case, precipitation is
a significant predictor (p value < 0.05) and the models have skill and significant RA values.
There are small differences between the damage indicators, although when the vulnerability
and exposure (DPC and DPW indicators) are taken into account in the model, the results

slightly improve.

Percentile\ Damage \ Bo \ 51 \ RA ‘
50 D -3.97 0.91 | 0.60
DPC -6.58 1.50 | 0.67

DPW -7.09 1.61 | 0.68

60 D -5.68 1.20 | 0.64
DPC -7.31 1.56 | 0.67

DPW -7.49 1.60 | 0.68

70 D -6.50 1.27 | 0.65
DPC -9.30 1.89 | 0.71

DPW -8.01 1.61 | 0.69

80 D -9.19 1.74 | 0.71
DPC -11.62 2.27 | 0.76

DPW -10.05 | 1.93 | 0.73

90 D -10.73 | 1.89 | 0.74
DPC -10.99 1.94 | 0.72

DPW -12.74 | 2.31 | 0.77

Table 5.2: Parameters of the simple logistic regression model and RA values for the basin level with
40 mm 24 h™! maximum precipitation threshold. All the results are significant (p value < 0.05). See
Table A.2 of the Appendix section for the damage thresholds definition. Number of flood cases: 313

The same analysis has been carried out with the precipitation threshold of 60 mm 24 h'.
Table 5.3 shows the regression coefficients and RA values for this sample and for the different
percentiles and damage indicators considered. The results are similar to the 40 mm 24 h
sample, with values of RA lower in some cases (see Table 5.2). Similar results were obtained
for the different damage categories, with slightly larger RA considering DPW.

Equation 5.4 shows the regression coefficients values when using the percentile 70th of

damage indicator DPW for the sample with 60 mm 24 h™' precipitation threshold:

log(ﬁ) = —11.39 + 2.28P (5.4)
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| Percentile| Damage | By | 51 | RA |
50 D -6.42 1.40 | 0.63
DPC -8.62 1.88 | 0.66

DPW -8.34 1.82 | 0.66

60 D -8.51 1.76 | 0.67
DPC -8.75 1.81 | 0.66

DPW -8.63 1.78 | 0.67

70 D -8.29 1.61 | 0.66
DPC -11.98 2.40 | 0.72

DPW -11.39 2.28 0.72

80 D -10.74 2.01 | 0.70
DPC -10.82 2.02 | 0.70

DPW -13.25 2.54 | 0.75

90 D -11.56 2.00 | 0.72
DPC -12.04 2.10 | 0.70

DPW -14.93 2.70 | 0.77

Table 5.3: Parameters of the simple logistic regression model and RA values for the basin level with
60 mm 24 h™' maximum precipitation threshold. All the results are significant (p value < 0.05). See
Table A.2 of the Appendix section for the damage thresholds definition. Number of flood cases: 226

Figure 5.11 shows the logistic regression curve for the example of Eq. 5.4. As could be
expected, the probability of a damaging event increases with precipitation. In this example
the RA value is 0.72 (Figure 5.12), similar to the 40 mm 24 h'! case, proving that this model,
although with a smaller sample, has also skill. The maximum difference between hit rate and
false alarm rate will be obtained when the model predicts a probability value of 0.37 (BT), with
a resulting hit rate of 0.60 and false alarm rate of 0.17. In this case a precipitation amount
higher than 117 mm in 24 h will be needed for a damaging event occurrence (defined with the

70th percentile of damage).
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Figure 5.11: Example of logistic regression result used to model DPW damages above the 70th per-
centile as a function of precipitation (log-transformed precipitation given in millimetres). The red line
indicates the best estimate and the grey bars show the frequency of the events that are above (top)
and below (bottom) the 70th percentile. (Pg=60 mm 24 h'!)
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Figure 5.12: Relative operating characteristic (ROC) diagram for above 70th DPW predictions using
the logistic regression of Eq. 5.4 (Pg=60 mm 24 h'!). Each value of the ROC curve indicates a set
of probability forecasts by stepping a decision threshold with 1 % probability through the modelling
results. The numbers inside the plot are the ROC area (RA) and the best threshold (BT), here defined
as the threshold that maximises the difference between the hit rate (H) and the false alarm rate (F)

Multiple logistic regression

In this section, a multiple logistic regression model has been developed in order to estimate
the probability of a damaging event in Catalonia based on precipitation but also taking into
account other variables related with the vulnerability and exposure of the territory. As was
explained in Section 5.2.2; the variables that contribute most to this probability, and therefore
those used for the development of the multiple model, are the maximum precipitation recorded
in 30 minutes, the proportion of urban zone and the mean slope of the basin. The results of
this methodology are presented for two different samples: flood cases that recorded a 30-minute
precipitation higher than 10 mm and ones with precipitation greater than 20 mm 30 min.
From the 596 flood cases recorded for the period of study in Catalonia, 369 registered a
maximum precipitation accumulated in 30 minutes higher than 10 mm and 242 higher than
20 mm. Table 5.4 summarises the results of the multiple logistic model for each considered
percentile of damages. The results displayed are those considering the best model for each of
the damage percentiles, first taking into account the significance of the regression coefficients

and then the highest RA value.

69



5. Logistic regression models of Catalonia

]Percentile\ 60 ‘ ﬁl ‘ ﬂg ‘ ﬁg ‘ RA ‘
10 -4.69 1.82 0.32 1.25 0.73
20 -5.05 1.80 0.40 1.08 0.73
30 -5.23 1.93 - - 0.74
40 -5.23 1.76 - - 0.72
50 -5.73 1.78 - - 0.72
60 -6.50 1.87 - - 0.73
70 -6.75 2.02 0.32 - 0.74
80 -8.53 2.35 0.32 - 0.78
90 -12.00 | 2.83 - - 0.82

Table 5.4: Parameters of the multiple logistic regression model and RA values with 10 mm 30 min™'

maximum precipitation threshold for all the percentiles of damage. By, 81, B2, and (B3 represents the
regression coefficients of the logistic model (intercept, precipitation, urban zone and slope, respectively).
Only the significant regression coefficients (p value < 0.05) are displayed. See Table A.3 of the Appendix
section for the damage thresholds definition. Number of flood cases: 369

The results using the multiple logistic regression model show that our model is capable of
simulating the probability of a damaging event based on the explanatory variables selected,
being the 30-minute precipitation the most important one. The slope of the basin does not
provide much information. Figure 5.13 shows the probability above and below the 70th per-
centile of damage (0.25 M Euro) as a function of precipitation and with the sample of the 10
mm 30 min' threshold. As could be expected, this probability increases with the 30-minute

precipitation.
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Figure 5.13: Example of logistic regression result used to model total damages above the 70th percentile
as a function of precipitation (log-transformed precipitation given in millimetres). The red line indicates
the best estimate and the grey bars show the frequency of the events that are above (top) and below
(bottom) the 70th percentile. (Pop=10 mm 30 min™!)

Equation 5.5 displays the formula of the best model for the 70th percentile of damage

considering the flood cases that exceeded the 10 mm 30 min™ precipitation threshold, with the
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coefficient regression values for the explanatory variables, precipitation (P) and proportion of

urban zone (U) in this case, being both statically significant (p value < 0.05):

log(ﬁ) = —6.75 + 2.02P + 0.32U (5.5)

Figure 5.14 shows the ROC diagram for the same example of Equation 5.5 and Figure 5.13.
The RA value is 0.74, well above 0.5, proving tha the model has a good goodness of fit. The
BT is 0.29, indicating that if the difference between the hit and the false alarm rate wants to
be maximised, a probability of 0.29 is needed, resulting in H = 0.72 and F = 0.35.
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Figure 5.14: Relative operating characteristic (ROC) diagram for above 70th percentile of damage
predictions using the logistic regression of Eq. 5.5 (Pg=10 mm 30 min™!). Each value of the ROC
curve indicates a set of probability forecasts by stepping a decision threshold with 1 % probability
through the modelling results. The numbers inside the plot are the ROC area (RA) and the best
threshold (BT), here defined as the threshold that maximises the difference between the hit rate (H)
and the false alarm rate (F)

As can be observed in Table 5.4, all RA values are well above 0.7, indicating that the model

has skill. For the lowest damage percentiles (10th and 20th percentiles) the characteristics of
the basin play an important role. However, for flood events that can cause great damage (high
percentiles), precipitation is the most influential variable (and in some cases also the proportion
of urban zone).
Furthermore, the results show that the use of a multiple logistic regression model that takes
into account other variables apart from precipitation, and also the utilisation of the 30-minute
precipitation instead of the precipitation accumulated in 24 h, improve the performance of the
model (higher RA values).

The same analysis has been reproduced using the flood cases that recorded a maximum

precipitation in 30 minutes higher than 20 mm. As in the previous case (10 mm 30 min), the
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precipitation is statistically significant for all damage percentiles, as is the proportion of urban
zone of the basin with the sole exception of the 90th percentile (see Table 5.5). The mean slope
of the basin, however, only provides information to the response variable in the case of the
lowest percentiles of damage (10th and 20th). All regression coefficients have positive values,
showing that the probability of a damaging event increases with precipitation and in basins

more urbanised and with greater slopes.

’Percentile\ 60 ‘ 61 ‘ 52 ‘ Bg ‘ RA ‘
10 -10.86 | 3.71 | 0.50 | 1.03 | 0.78
20 -10.22 | 325 | 0.39 | 085 | 0.75
30 -6.63 2.38 | 0.30 - 0.69
40 -5.17 1.83 | 0.33 - 0.67
50 -6.22 2.00 | 0.32 - 0.67
60 -6.72 2.06 | 0.37 - 0.68
70 -7.37 215 | 0.44 - 0.70
80 -7.92 2.11 0.41 - 0.70
90 -12.65 | 2.89 - - 0.76

Table 5.5: Parameters of the multiple logistic regression model and RA values with 20 mm 30 min™

maximum precipitation threshold for all the percentiles of damage. By, 81, B2, and (3 represents the
regression coefficients of the logistic model (intercept, precipitation, urban zone and slope, respectively).
Ouly the significant regression coefficients (p value < 0.05) are displayed. See Table A.3 of the Appendix
section for the damage thresholds definition. Number of flood cases: 242

Equation 5.6 shows the formula of the best logistic model for the 70th damage percentile
considering the flood cases that exceeded the 20 mm 30 min™ precipitation threshold. In this

example, only the precipitation (P) and the urban zone (U) are statistically significant:

log(&) = 737+ 2.15P + 0.44U (5.6)

The curve of the logistic model for the example of Equation 5.6 is shown in Figure 5.15,
indicating the probability above and below the 70th percentile of damage (0.46 M Euro) as a
function of the precipitation. The validation of this model is displayed in Figure 5.16 by the
ROC diagram. The RA value for this example is 0.7, proving that this model has also skill,

although with a smaller sample.
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Figure 5.15: Example of logistic regression result used to model total damages above the 70th percentile
as a function of precipitation (log-transformed precipitation given in millimetres). The red line indicates
the best estimate and the grey bars show the frequency of the events that are above (top) and below
(bottom) the 70th percentile. (Pg=20 mm 30 min™!)
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Figure 5.16: Relative operating characteristic (ROC) diagram for above 70th percentile of damage
predictions using the logistic regression of Eq. 5.6 (Pg=20 mm 30 min™!). Each value of the ROC
curve indicates a set of probability forecasts by stepping a decision threshold with 1 % probability
through the modelling results. The numbers inside the plot are the ROC area (RA) and the best
threshold (BT), here defined as the threshold that maximises the difference between the hit rate (H)
and the false alarm rate (F)
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5.4 Conclusions

The Mediterranean is an area frequently affected by flood events that produce significant so-
cioeconomic damage. Catalonia, located in the west of the Mediterranean, is affected by an
average of more than 8 events per year. The majority of the damage caused by these events
is due to local events, with intense and short-lived rainfall rather than river overflow (Llasat
et al., 2014a). Therefore, it is assumed that precipitation is the main contributing factor for
damage caused by this type of events. To corroborate this hypothesis, the relationship between
precipitation and compensation paid by insurance companies was studied. This has been done
by using two types of logistic regression models: simple and multiple. That is, our aim is
not to estimate the precise amount of insurance compensation, but to estimate when a ’large’
damaging event will occur given a particular precipitation amount.

In the case of the simple logistic regression using the precipitation recorded in 24 h, we
considered three types of damage: total damage, damage per capita (divided by the population)
and damage per unit of GDP, in order to take into account the differences in vulnerability and
exposure in the territory. As could be expected, the logistic regression shows an increase in the
probability of a damaging event occurring when precipitation increases. In order to validate
the model, we considered the ROC diagram. The area under the ROC curve (RA) proved our
model skill. The results show an RA above 0.6 in all percentiles of the three types of damages
and thresholds of precipitation, most of them with values close or higher than 0.7. That is, our
model is able to simulate the probability of a damaging event as a function of precipitation.

On the other hand, a multiple logistic regression model has been developed in order to
estimate the probability of a damaging event based on precipitation 30 minutes and also con-
sidering the proportion of urban zone and the mean slope of the basin. The results show that
the model has skill, obtaining better results (higher RA values) than the simple logistic regres-
sion model when using the precipitation accumulated in 24 h as a single explanatory variable.
Not only the probability of a damaging event increases with the 30-minutes precipitation, but
also both urban zone and slope are positively correlated with the response variable, showing
that a highly urbanised and steeper basin will have a higher probability of a damaging event
occurrence than a less urbanised and flat one. The Catalan basins situated between the coastal
and pre-coastal mountain ranges are small but highly urbanised basins with deep slopes, and
it is precisely where more flood events are recorded.

To summarise, we have developed a new model that allows us to predict the probability that
a flood event causing large damage (where "large" depends on the user’s criteria) will occur in
Catalonia, based on precipitation, and taking into account the characteristics of the region in the
model. That is, the parsimonious empirical models linking flood damages to heavy precipitation
developed in this study make a substantial contribution towards developing a warning forecast
system with flood management strategies. For instance, from the relationship shown between
precipitation and insurance compensation it is possible to predict when damaging events will
occur as a result of a certain precipitation threshold. The results were obtained by following a

simple and transparent statistical methodology that can also be applied to other areas. These
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links could also provide a basis to predict flood damage in future climate change scenarios as
done for instance by Wobus et al. (2014) that estimated monetary damages from flooding in
the United States under a ’business as usual’ climate change scenario. As a word of caution it is
worth noting that the complex relationships between climate variability, human activities and
flood damage may limit the applicability of these findings to conditions that are very different
from current ones.

Despite these limitations, this work has provided an assessment of the link between precip-
itation and flood damage in a Mediterranean region, and our results suggest that by exploiting
the relationship between precipitation and flood damage, the model could provide satisfactory
prediction of monetary compensation.

Overall, the methodological novelties included in this chapter are: (i) the significant in-
crease in the spatial scale of the study, (ii) the change in the minimum unit of study, (iii) the
development of new type of models that are able to include other explanatory variables in or-
der to improve the variance of the response variable, (iv) the incorporation of the mean urban
zone and slope of the basin in the model that allow to take into account the vulnerability and

exposure of the territory.
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Chapter 6

Application of the Generalized Linear
Mixed Model to the western
Mediterranean: Catalonia and the

Valencian Community

Abstract

The aim of this chapter is to extend the study of the relationships between flood damage,
precipitation and exposure to the Valencian Community. A second objective is to improve the
modelling to analyse these relationships moving from simple and multiple logistic regression
models to Generalized Linear Mixed models and apply them to Catalonia and the Valencian
Community. The results show that mean precipitation recorded in 24 h and total population
of the basin are good predictors to estimate the probability of a damaging event in both
regions, obtaining better results in terms of area under the ROC curve than the previous models
developed (Chapter 5). The relationships found in this chapter will be applied in Chapter 8 in

order to predict the future flood damage.

6.1 Introduction

As was mentioned before, the Mediterranean region is characterised by a complex morphology
of mountain chains and strong land-sea contrasts, a dense and growing human population and
various environmental pressures (Cramer et al., 2018). The north-west of the Mediterranean is
the area most affected by flood events (Llasat et al., 2010). In Spain, the most affected regions
are Catalonia and the Valencian Community. Particularly, the Valencian Community is an
area frequently affected by heavy precipitation events that cause floods with huge damages,
such as the November 1987 when more than 285 M Euro were paid in insurance compensation
according to the Spanish Insurance Compensation Consortium (CCS, 2018). This is the reason

why it has been decided to extend the region of study considering both areas.
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6. Generalized Linear Mixed Model of the western Mediterranean

The main objective of this chapter is to improve the results obtained from previous ones
by the use of more complex models called Generalized Linear Mixed models, which not only
take into account fix predictors related to the hazard and the exposure of the territory but also
allow random effects in the model.

The chapter is organised as follows. After the Methods section, in which the new model is
explained in detail (Section 6.2), Section 6.3.1 presents the variables selected for the Valencian
Community. The results obtained with the application of the new model for Catalonia and
the Valencian Community are shown in sections 6.3.2 and 6.3.3, respectively. Finally, the

Conclusions section (Section 6.4) summarises the main findings of this chapter.

6.2 Methods

The main characteristics of the regions of the study as well as the data sources used in this
chapter are explained in Chapter 3. In Section 6.3.1 of the present chapter is represented the
main variables used in the study at municipal and basin level for the Valencian Community. The
same cartography for Catalonia region is shown in Section 5.3.1 of Chapter 5. The river-basin-
scale is the spatial resolution selected for analysing the possible links between precipitation and
flood damage in both regions of study. The main hypothesis of the study is that precipitation
is the factor that is more related to flood damage because the most frequent type of floods are
surface water flood events (see Chapters 4 and 5, and Cortés et al., 2018 for further information).
In this chapter, the rainfall recorded in 24 h has been used to estimate the precipitation.
Although 30-min precipitation provides better results, as has been shown previously, since the
final objective of this thesis is to assess flood damage for future projections and these are given
in 24 h data, the analysis has been done for this time resolution. Furthermore, and following
the previous chapter (Chapter 5), only the flood cases that recorded a precipitation threshold
higher than 40 mm 24 h™! were selected in order to consider the potential extreme precipitation

events.

6.2.1 Generalized Linear Mixed Model

Generalized Linear Mixed Models (or GLMMs) are a powerful class of statistical models that
combine the characteristics of linear mixed models (models that include both fixed and random
predictor variables) and generalized linear models (which handle non-normal data by using
link functions and exponential family [e.g. Poisson or binomial| distributions). Thus, GLMMs
are the best tool for analysing non-normal data that involve random effects (Bolker et al.,
2009). That is the case of the data used in this study, which are of binary type (event or
non event) and there are random effects related to space and time: each of the basins can be
affected by different flood events for the whole time period and moreover, each event can affect
different basins at the same time. This implies high correlations within the observations, not
guaranteeing the independence requirement of the Generalized Linear Models (GLM). Figure

6.1 summarises the process followed in order to choose the best model for our type of data.
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Figure 6.1: Scheme of the selection process of the type of model

The generalized linear mixed model follows the equation 8.1:

10g(ﬁ) = fo+ 1P + faR+ b; + b, (6.1)

Where 7 is the response variable (the probability to exceed a specific threshold of damage),
P and R are the predictors (precipitation recorded in 24 h and total population of the basin in
our case), and b; and b; are the random effects related to the basins and the events. The value of
the f3 coefficient is determined using Generalized Linear Models (GLMs). The Wald x? statistic
is used to assess the statistical significance of individual regression coefficients (Harrell Jr, 2015).

The same methodology from chapters 4 and 5 has been applied in order to assess the
probability of exceeding different thresholds of damage estimated using the percentiles of the
series of damages per basin (10th, 20th, 30th, 40th, 50th, 60th, 70th, 80th, 90th).

Another possibility is to estimate the damage threshold using the average of total com-
pensation paid by CCS for catastrophic flood events, regarding to the impact category of the
INUNGAMA and FLOODHYMEX databases (for further information about the databases
and the impact classification of the flood events see Chapters 4 and Cortés et al., 2017). This

method is more restrictive than those used in previous chapters and flood cases that exceed
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6. Generalized Linear Mixed Model of the western Mediterranean

this specific damage threshold will be defined as a "big flood case”. The damage threshold is
obtained by dividing the mean compensation paid by CCS for these catastrophic events (14.8
M Euro for Catalonia and 43.6 M Euro for the Valencian Community) by the number of basins
that have been affected by each event (flood cases). The results for these models are shown in
sections 6.3.2 and 6.3.3.

6.2.2 Explanatory variables selection

To select the independent variables that maximise the variance explained by the model, different
models have been developed and compared to each other by using two common indicators to
assess the goodness of fit: Aikake Information Criterion (AIC), proposed by Akaike (1974), and
Bayes Information Criterion (BIC), put forward by Schwarz et al. (1978). The latter penalises
model complexity more heavily and also takes into account the sample size. A lower AIC or
BIC value indicates a better fit. AIC and BIC estimators follows the equations 6.2 and 6.3,

respectively.

AIC = 2K — 21n(L) (6.2)

BIC = KIn(n) — 21n(L) (6.3)

where L is the value of the likelihood, n is the number of recorded measurements, and k is
the number of estimated parameters.

The explanatory (or independent) variables that have been taken into account in the se-
lection process in order to build the best model are: maximum and mean 24 h precipitation
recorded in the basin; mean slope of the basin; proportion of urban zone; total population;
Gross Domestic Product (GDP).

The AIC and BIC values for each of the models are shown in Tables 6.1 and 6.2 for Catalonia
and the Valencian Community, respectively. As can be observed in both regions of study the
model with better results for forecasting flood damages (in this case the probability of exceeding
the 70th percentile of damage) in terms of AIC and BIC values is the one with the mean
precipitation accumulated in 24 h and the total population of the basin as explanatory variables,
both of them being statistically significant (p value < 0.05 with Wald Test). Therefore, these
two variables will be the ones used in the GLMM in order to predict the probability of a

damaging event.
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| Explanatory variables [ AIC | BIC |
Px24h 334.8 349.7
P24h 188.5 201.2
Px24h + R 325.8 344.5
P24h + R 181.8 197.7
Px24h + U* 331.1 349.8
P24h + U* 188.7 204.6
Px24h + R + S* 327.7 350.2
P24h + R + S* 183.0 202.1
Px24h + U* 4 S* 334.9 357.4
P24h + U + S* 191.9 211.0

Table 6.1: Example of the AIC and BIC values for the different models using the 70th percentile of
damage to define a damaging event in Catalonia. The explanatory variables are: maximum precipi-
tation recorded in 24 h (Px24h), mean precipitation recorded in 24 h (P24h), total population (R),
proportion of urban zone (U) and mean slope of the basin (S). The best model is shown in bold. *p
value > 0.05 with Wald Test

] Explanatory variables \ AIC \ BIC ‘
Px24h 113.5 125.2
P24h 75.2 84.3
Px24h + R 107.2 121.8
P24h + R 65.6 77.0
Px24h + U* 115.4 130.0
P24h + U* 77.0 88.3
Px24h + R* + S* 106.6 124.1
P24h + R + S 65.9 79.6
Px24h + U* + S 108.7 126.2
P24h + U* + S* 76.7 90.3

Table 6.2: Example of the AIC and BIC values for the different models using the 70th percentile
of damage to define a damaging event in the Valencian Community. The explanatory variables are:
maximum precipitation recorded in 24 h (Px24h), mean precipitation recorded in 24 h (P24h), total
population (R), proportion of urban zone (U) and mean slope of the basin (S). The best model is
shown in bold. *p value > 0.05 with Wald Test

6.2.3 Validation method

The ROC diagram and more specifically the area under the ROC curve (RA), was the method
used in order to validate the Generalized Linear Mixed Models. The same methodology was

used in Chapters 4 and 5. For further information about this method see Section 4.2.4 of
Chapter 4.

6.3 Results

6.3.1 Spatial distribution

Flood events in the Valencian Community

For the 1996-2015 period the Valencian Community has recorded a total of 69 flood events,
most of them produced on September (23 %) and October (17 %) months. Valéncia, capital
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6. Generalized Linear Mixed Model of the western Mediterranean

of this region, is the municipality that has registered the highest number of flood events for
this period, with 17 events (Figure 6.2). However, the basin most affected by floods has been
Marina Alta with a total of 32 flood events for the same period (Figure 6.3).

[ Basin

Number of flood events 1996-2015
[Jo

]1-4

5-8

Bl o-12

Hl 3-17

0 20 40 60 80 km
[ mm—— S

Figure 6.2: Flood events recorded in the municipalities of the Valencian Community for the period
1996-2015
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Figure 6.3: Flood events recorded in the basins of the Valencian Community for the period 1996-2015
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Precipitation in the Valencian Community

The average annual precipitation for the selected weather stations (for further information see
Chapter 3) is represented in Figure 6.4. As could be expected, the areas that recorded greater
amounts of precipitation per year (i.e. higher than 724 mm) coincide with those that have
been affected by more flood events (Figures 6.2 and 6.3). The region presents a broad range of
annual precipitation values, with drier climates mainly in the south and inland of the territory
with values around 300 mm per year (and even less) and wetter climates mostly located in the

central coast with annual precipitation higher than 700 mm.
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Figure 6.4: Average annual precipitation (1996-2015) for AEMET weather stations with effectiveness
value > 90 %

Insurance compensation paid due to flood events in the Valencian Community

The Insurance Compensation Consortium (CCS) has paid a total of 713.75 M Euro in compen-
sation due to flood events in the Valencian Community for the 1996-2015 period. Alacant is
the municipality that has received the highest amount of compensation for this period, with a
total quantity of around 40 M Euro (Figure 6.5). Nonetheless, 30 % of the total compensation
(221.66 M Euro) have been paid in the Jucar basin (Figure 6.6).
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Figure 6.5: Total compensation paid by CCS due to floods for each municipality of the Valencian
Community for the period 1996-2015
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Figure 6.6: Total compensation paid by CCS due to floods for each basin of the Valencian Community
for the period 1996-2015
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Population in the Valencian Community
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Figure 6.7: Average population in each basin of the Valencian Community for the period 1996-2015

The average population in each of the basins of the Valencian Community for the period 1996-
2015 is represented in Figure 8.8. As can be observed, Turia is the most populated basin, with
more than 1.3 million people living (29 % of the total population of the region) and, in addition,
the one with the highest population density (more than 400 inhabitants km™).

6.3.2 Relationship between precipitation and flood damage in Cat-

alonia

The Generalized Linear Mixed Model has been applied to all the flood events that have affected
Catalonia basins within 1996-2015, which results in a total of 596 flood cases, 177 of which
recorded an average precipitation in the basin higher than 40 mm (the sample used in the
study). The formula considering the 70th percentile of damage is shown as an example in

Equation 6.4:
log(ﬁ) = —20.92 + 2.98log(P) + 0.57log(R) + b; + b, (6.4)

Where 7 is the probability of exceeding the 70th percentile of damage (in this case), P the
mean precipitation accumulated in the basin in 24 h, R the total population of the basin and
b; and b; are the random effects related to the basin and the flood event.

Both precipitation and population are statistically significant, meaning that they are useful
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variables to explain the probability of exceeding the 70th percentile of damage (0.38 M Euro).
Similar results were obtained for all the percentiles of damage used (Table 6.3). In all cases both
predictors present positive values proving that the probability of a damaging event increases
not only with precipitation recorded in 24 h but also with the population of the basin. This can
be observed in the examples in Figure 6.8, which show the effect of each explanatory variable
in the case of probability exceeding the 70th percentile of damage. The solid line indicates
the best estimate while the shaded blue bands show the 95 % confidence interval. For both
variables, this probability increases rapidly. However, in the case of population a break point

can be observed around 0.5 million people, above which the rate of increase is much lower.

| Percentile] By | B1 | B [ RA |
10 -14.74 | 3.05 0.94 0.98
20 -12.98 - 0.72 0.94
30 -14.73 2.16 0.64 0.95
40 -24.87 3.12 1.11 0.97
50 -18.46 2.17 0.81 0.96
60 -17.74 2.10 0.69 0.95
70 -20.92 2.98 0.57 0.95
80 -27.22 4.19 0.54 0.96
90 -21.46 3.28 - 0.95

Table 6.3: Parameters of the Generalized Linear Mixed Model and RA values for all the percentiles
of damage for Catalonia. [y, 51 and (2 represent the regression coefficients of the model (intercept,
precipitation and population, respectively). Only the significant regression coefficients (p value < 0.05)
are displayed. See Table A.4 of the Appendix section for the damage thresholds definition
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Figure 6.8: Effect of the explanatory variables (left: mean precipitation recorded in 24 h; right: total
population of the basin) in the probability of exceeding the 70th percentile of damage in Catalonia.
The solid lines indicate the best estimates while the shaded blue bands indicate the 95 % confidence
interval. The black marks at the bottom of each graph represent the values of the independent variable
for each flood case
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Figure 6.9 shows the ROC diagram for the example shown in Equation 6.4. The RA value
(0.95) indicates that our model has good fit to simulate the probability of a damaging event
(defined as the 70th percentile of damage in this case). In this example, if the user wants to
maximise the difference between the hit rate (0.94) and the false alarm rate (0.17), a probability
value of 0.22 is needed (BT). The RA indicator for the different damage percentiles used is
presented in Table 6.3 with values close to 1 for all the cases, indicating that the model has a
good performance in all the examples. These results show that the incorporation of random
effects in the model improves its performance, in respect of the generalized linear model or
specifically the multiple logistic regression model used in the previous chapter (see results in
Chapter 5).
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Figure 6.9: Relative operating characteristic (ROC) diagram for above 70th percentile of damage
predictions using the Eq. 6.4 for Catalonia (Pg=40 mm 24 h'!). Each value of the ROC curve
indicates a set of probability forecasts by stepping a decision threshold with 1 % probability through
the modelling results. The numbers inside the plot are the ROC area (RA) and the best threshold
(BT), here defined as the threshold that maximises the difference between the hit rate (H) and the
false alarm rate (F)

Application of the model for big flood cases

The same methodology has been applied to big flood cases (more information in Section 6.2.1).
The model that simulates the probability of a big flood case in Catalonia follows the Equation
6.5:

log(ﬁ) — —26.62 + 3.731log(P) + 0.5410g(R) + b; + b, (6.5)
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For this example all the regression coefficients are statistically significant (p value < 0.05
with Wald Test) and both explanatory variables have positive values indicating that the prob-
ability of having a big case in Catalonia increases with precipitation and population. Figure
6.10 shows the effect of both explanatory variables in this probability. Although the confidence
interval is quite wide indicating the existence of large variance in the prediction, the model
performs well with a RA value of 0.96, as can be observed in the ROC diagram displayed in
Figure 6.11. If it is absolutely essential to correctly classify every big flood case, we could choose
a lower probability threshold, in order to reduce the risk of not predicting events with huge
damages. This is the case of the present example, since the best RA value is achieved when the
best threshold is low (BT=0.04), implying a high hit rate (H=0.95), however resulting in more
false positives, and thus, increasing the false alarm rate (F=0.21). Therefore, the probability

threshold depends on the risk that the user is willing to assume.
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Figure 6.10: Effect of the explanatory variables (left: mean precipitation recorded in 24 h; right: total
population of the basin) in the probability of occurrence a big flood case in Catalonia. The solid lines
indicate the best estimates while the shaded blue bands indicate the 95 % confidence interval. The
black marks at the bottom of each graph represent the values of the independent variable for each
flood case
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Figure 6.11: Relative operating characteristic (ROC) diagram for the big flood cases in Catalonia
(Pg=40 mm 24 h'!) using the Eq. 6.5. Each value of the ROC curve indicates a set of probability
forecasts by stepping a decision threshold with 1 % probability through the modelling results. The
numbers inside the plot are the ROC area (RA) and the best threshold (BT), here defined as the
threshold that maximises the difference between the hit rate (H) and the false alarm rate (F)

This type of models also allow to show the relationship between the response variable and
the predictors ones for each of the basins, since this variable is introduced in the model as a
random effect. Figure 6.12 shows the linear relationship between mean precipitation and the
probability of a big flood case (specific threshold of damage) for each basin of Catalonia. Most
of them do not contain enough observations to get to a conclusion, however different behaviour
can be found with this analysis. For example, from these results we could assume that basins
like 700 and 774 (Maresme and Barcelona basins, respectively), belonging to high urbanised
basins, have a linear slope steeper than other basins as 1001 or 1002 (La Muga and Fluvia,
respectively), which are more rural, less urbanised (see Table A.6 and Figure A.1, Appendix
section). From that we could conclude, but always taking into account that the sample is not
large enough, that in urban basins the probability of big case occurrence increases more rapidly
with precipitation than in rural basins. This would make sense since it would mean that the

more urbanised basins have less infiltration rate and therefore less capacity to retain water.
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Figure 6.12: Relationship between mean precipitation accumulated in 24 h and the probability of big
flood case in each basin of Catalonia. The headers indicate basins’ code (see Table A.6 and Figure
A.1, Appendix section)

6.3.3 Relationship between precipitation and flood damage in the Va-

lencian Community

The same analysis has been carried out for the Valencian Community region, which was affected
by 69 flood events between 1996 and 2015, resulting in 171 flood cases (72 if we only take into
account the cases where the mean precipitation accumulated in 24 h in the basin exceeded the
threshold of 40 mm 24 h™!). As an example, the model follows Equation 6.6 when the damaging

event is defined using the 70th percentile of damage:

1og(&) — —40.96 + 2.33log(P) + 2.3210g(R) + b; + b; (6.6)

As in the case of Catalonia (Section 6.3.2) both mean precipitation accumulated in 24 h (P)
and total population of the basin (R) are statistically significant and have positive regression
coefficients. That is also the case for all the damage percentiles used, as can be observed in
Table 6.4. That means that both explanatory variables are good predictors for estimating
the probability of a damaging event as well as this probability increases with them. Figure
6.13 corroborates these results, showing the effect of precipitation (left graph) and population
(right graph) on the probability of exceeding the 70th percentile of damage. In both cases this
relationship is described by a concave curve, indicating that the increase in the probability per

unit of increase of the predictor is larger when considering lower predictor values.
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| Percentile] By | B [ B2 | RA |
10 -183.57 | 34.47 | 4.95 1.00
20 -188.88 | 32.58 | 5.53 1.00
30 -43.83 4.59 1.99 1.00
40 -42.40 3.14 2.31 0.96
50 -42.85 3.06 2.32 0.90
60 -60.63 4.46 3.16 0.95
70 -40.96 2.33 2.32 0.90
80 -49.60 3.80 2.41 0.89
90 -50.97 4.05 2.34 0.94

Table 6.4: Parameters of the Generalized Linear Mixed Model and RA values for all the percentiles of
damage for the Valencian Community. 5y, 81 and B represent the regression coefficients of the model
(intercept, precipitation and population, respectively). Only the significant regression coefficients (p
value < 0.05) are displayed. See Table A.5 of the Appendix section for the damage thresholds definition
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Figure 6.13: Effect of the explanatory variables (left: mean precipitation recorded in 24 h; right: total
population of the basin) in the probability of exceeding the 70th percentile of damage in the Valencian
Community. The solid lines indicate the best estimates while the shaded blue bands indicate the 95
% confidence interval. The small black bars at the bottom of the graphs represent the values of the
independent variable for each flood case

The shaded blue bands of Figure 6.13 show the confidence level of the prediction at 95 %.
In this case, these bands are narrower than in the Catalonia case (see Figure 6.8), showing
that the model estimation is more precise for the Valencian Community region. Figure 6.14
displays the ROC diagram for the example of Equation 6.6, demonstrating that the model has
a significant goodness of fit with a RA value of 0.9. As shown in Table 6.4, the model has a
good performance for all the damage percentiles, with RA values close to 1 in all cases. Lower
percentiles of damage (10, 20 and 30th) have RA values equal to 1, meaning that the model

is able to totally differentiate between event and non-event for these damage thresholds. This
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6. Generalized Linear Mixed Model of the western Mediterranean

could be due to the low values of these percentiles (0.05, 0.21 and 0.36 M Euro, respectively;
see Table A.5, Appendix section).

Figure 6.14: Relative operating characteristic (ROC) diagram for above 70th percentile of damage
predictions using the Eq. 6.6 for the Valencian Community (Pg=40 mm 24 h™'). Each value of the
ROC curve indicates a set of probability forecasts by stepping a decision threshold with 1 % probability
through the modelling results. The numbers inside the plot are the ROC area (RA) and the best
threshold (BT), here defined as the threshold that maximises the difference between the hit rate (H)
and the false alarm rate (F)

Application of the model for big flood cases

The catastrophic flood events in the Valencian Community (16 % of total events) cause in
average 43.6 M Euro in insurance damage according to CCS. The same methodology has been
applied for knowing when a big flood case (regarding to the impact classification based on
FLOODHYMEX database) will occur in the region based on the mean precipitation accumu-
lated in 24 h and the total population of the basin. The formula of the model follows the
Equation 6.7:

log(———) = —46.88 + 3.97 log(P) + 1.86log(R) + b; + b, (6.7)

1—m

As could be expected, the probability of a big flood case increases with precipitation and
population, being both significant explanatory variables. Figure 6.15 corroborates this positive
relationship showing the effect of both explanatory variables in this probability. The ROC
diagram for this model is presented in Figure 6.16 demonstrating that the model has skill, with
a RA value of 0.92. The maximum difference between hit rate and false alarm rate will be
obtained when the model predicts a probability of 0.31 (BT), with a resulting hit rate of 0.83

and false alarm rate of 0.10.
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Figure 6.15: Effect of the explanatory variables (left: mean precipitation recorded in 24 h; right: total
population of the basin) in the probability of occurrence a big flood case in the Valencian Community.
The solid lines indicate the best estimates while the shaded blue bands indicate the 95 % confidence
interval. The small black bars at the bottom of the graphs represent the values of the independent
variable for each flood case

Figure 6.16: Relative operating characteristic (ROC) diagram for the big flood cases in the Valencian
Community using the Eq. 6.7 (Pp=40 mm 24 h™'). Each value of the ROC curve indicates a set
of probability forecasts by stepping a decision threshold with 1 % probability through the modelling
results. The numbers inside the plot are the ROC area (RA) and the best threshold (BT), here defined
as the threshold that maximises the difference between the hit rate (H) and the false alarm rate (F)
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Figure 6.17 shows the linear relationship between the precipitation and the probability
of big flood case occurrence. The basins that have higher number of observations present
similar slopes, being the ones of basins 128 and 130 slightly steeper (Jucar and Tturia basins,

respectively), where more population live (see Table A.7 and Figure A.2, Appendix section).
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Figure 6.17: Relationship between mean precipitation accumulated in 24 h and the probability of big
flood case in each basin of the Valencian Community. The headers indicate basins’ code (see Table
A.7 and Figure A.2, Appendix section)

6.4 Conclusions

The NW Mediterranean region experiences heavy precipitation every year and flash floods
that occasionally produce catastrophic damages (Llasat et al., 2013). Both of the western
Mediterranean regions covered in this chapter (Catalonia and the Valencian Community) are
prone to these events, most of them caused by local heavy precipitation events (Llasat et al.,
2016D).

In this chapter, the relationship between heavy precipitation and flood damage for both
regions has been analysed. Generalized Linear Mixed Models have been used in order to
estimate the probability of damaging events taking into account both hazard and exposure. In
order to select the explanatory variables that more contribute in explaining the variance of the
response variable (probability of exceeding a specific damage threshold), a selection process has

been carried out. The best model for both regions was the one with the mean precipitation
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accumulated in 24 h and the total population of the basin as independent variables.

The results show that the probability of a damaging event increases with precipitation and
population of the basin. For both regions of study the RA values indicate that our model has a
good performance, with values close to 1 in all cases. These results improve those obtained by
using both simple and multiple logistic model in the case of Catalonia (see Chapter 5 and Cortés
et al., 2018), demonstrating that the incorporation of random effects in the model improves
its performance, since, in general, better RA values are achieved when applying GLMMs. In
this chapter, apart from using different percentiles of damage for defining damaging event, a
model with a specific damage threshold has also been developed for each region. This threshold
allows to define a big flood case based on the mean insurance compensation received for the
catastrophic flood events. The results using this model also show a good performance (RA
value of 0.96 and 0.92 for Catalonia and the Valencian Community, respectively), being able to
distinguish between big flood case and non big flood case, given a precipitation and population
values. Furthermore, the incorporation of the basins as random effects in the model has allowed
to study the relationship between precipitation and probability of having a big flood case
independently per each basin. This analysis has permitted to describe a different general
behaviour within basins: in the more urbanised basins this probability increases faster with
precipitation than in the less urbanised ones, pointing out the importance of having high
permeable surfaces in order to be able to retain the water more efficiently.

To summarise, the main novelties introduced in this chapter are the incorporation of the
Valencian Community region, an area heavily affected by flood events that produce huge dam-
ages, and the improvement of the model that allows to predict when a damaging event will
occur based on the precipitation recorded and the population of the basin.

The results obtained in this chapter are of great importance for analysing the flood risk and
understanding the relationships between flood damage and their causes. The same methodology
and relationships found will be applied in order to predict the future probability of a damaging
event taking into account the future precipitation climate change projections as well as different

population scenarios (see Chapter 8).
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Chapter 7

Future projections of precipitation

extremes 1n the Iberian Peninsula

Abstract

In this chapter®, an assessment of projected changes in precipitation extremes considering the
RCP 8.5 scenario and an ensemble of seven regional climate models is done. After a synthesis
of state-of-the-art of the extreme precipitation projections, the climate simulations performed
under the umbrella of the EURO-CORDEX project with a spatial resolution of 0.11 degree
both in latitude and longitude, have been applied to the Iberian Peninsula. Different climate
indices are calculated in order to estimate the changes in precipitation assuming global warming
scenarios of 1.5, 2 and 3 °C above preindustrial levels. The results show a general decrease of
the total annual precipitation and an increase in the length dry spell in most of the Peninsula
which becomes greater with higher global warming levels and during summer months. This will
probably exacerbate water scarcity and droughts impacts, which are already a problem in the
area. However, a likely increase in heavy precipitation events with global warming especially
during winter months can be found in the north and north-east of the Iberian Peninsula. That
points out the need of improving flood management strategies in order to deal with a possible

increase of the impacts caused by rainfall-related flood events.

7.1 Introduction

As has been told in previous chapters, the extreme precipitation events cause huge economic
and human damage in different parts of the world, such as the Mediterranean area, where the
risk of flooding is the most important natural hazard (Llasat et al., 2013). For this reason, a
great concern exists about the impact that climate change could have on these extreme episodes.
Although there are a large number of studies that have found a projected decrease in the mean
annual precipitation in the Mediterranean (Jacob et al., 2014; Cramer et al., 2018; Sillmann

et al., 2013; Rajczak and Schér, 2017), there are also many others that have observed an

3The contents of this chapter have been partially published in Turco et al. (2018a)
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increase in extreme precipitation events with global warming (Drobinski et al., 2018; Colmet-
Daage et al., 2018; Tramblay and Somot, 2018; Cramer et al., 2018), mostly during winter
months (Kjellstrom et al., 2018; Vautard et al., 2014; Rajczak and Schir, 2017; Jacob et al.,
2014).

Different methods exist to study the changes in the precipitation extremes. For instance,
the climate indices are applied in a considerable number of studies (usually the ones developed
by the Expert Team on Climate Change Detection and Indices -ETCCDI-, Karl et al., 1999;
Peterson et al., 2001), both at global (Donat et al., 2016; Betts et al., 2018; Sillmann et al.,
2013) and at regional scale (for example for Europe: Rajczak and Schér, 2017; Vautard et al.,
2014).

Most of the methods use a future fixed period of years to assess the changes in the precip-
itation extremes due to climate change, such as for the last 30 years (2071-2100) of the 21st
century (e.g. Colmet-Daage et al., 2018). However, many authors study this change related
to the increase in the global temperature (Vautard et al., 2014; Betts et al., 2018; Kjellstrom
et al., 2018). The Paris Agreement of the United Nations Framework Convention on Climate
Change (UNFCCC), signed in December 2015, aims to hold the increase in the global average
temperature to below 2 °C above preindustrial levels and to pursue efforts to limit the tempera-
ture increase to 1.5 °C.... From this conference came the commitment of the IPCC to prepare a
special report (Masson-Delmotte et al., 2018) which quantifies the impacts with a global warm-
ing of 1.5 °C with respect to preindustrial conditions (https://www.ipcc.ch/sr15/). One of the
main results of the report is the increase of the human and economic impact of the climatic risks
with a warming of 1.5 °C. Therefore, scientists are urged to quantify socioeconomic impacts for
different warning thresholds. For instance, recent research efforts have significantly boosted our
knowledge on the risks at 1.5 and 2 °C of warming, focusing relevant climate change impacts as
for instance on economy (Burke et al., 2018), agriculture (Schleussner et al., 2016), the study of
forest fires (Turco et al., 2018b), power generation (Tobin et al., 2018) and ecosystems (Guiot
and Cramer, 2016).

Previous works consistently indicate that flood risk is expected to increase in the future in
most world regions, with largest increase in Asia, America and Europe (Alfieri et al., 2017).
Donnelly et al. (2017) showed that for most of Europe, the impacts of climate change on
mean, low and high runoff and mean snowpack in Furope increase with increased warming
level, however they do not provide an assessment of change in extremes. Vautard et al. (2014)
observed an increase in average precipitation in northern Europe and a decrease in the central
and southern parts, but with a general increase of the extreme precipitation events in most
Europe with a warming of 2 °C, especially during winter months. King and Karoly (2017)
analysed changes in the highest 1-day precipitation and indicated that there are signs that the
heaviest rainfall events will likely intensify at 2 °C warming compared to 1.5 °C principally in
the northern half of Europe. This larger and more robust change with 2 °C was also confirmed
by Kjellstrom et al. (2018), that indicated that the changes in precipitation include increases in

the north and decreases in the south of Europe. The precipitation decrease plays an important
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role in the projected increase in future drought conditions in these areas. Global drought
assessments coincide to identify the Mediterranean region as a hotspot for future drought
increases (Lehner et al., 2017; Naumann et al., 2018; Park et al., 2018). However, a detailed
local-scale study analysing both precipitation and runoff changes, considering both the upper
tail extremes and the drought conditions, remain to be done.

The Iberian Peninsula, located on the south-west edge of Europe, is an ideal case study
when it comes to the relationship between global warming and the projections of precipitations
in the future. Reasons are as follows. Firstly, precipitation plays a major role on natural
hazards and water resources (Garrote et al., 2007; Llasat et al., 2009), thus leading to one of
the most vulnerable countries to water scarcity, droughts and floods in Europe (Kristensen,
2010). Secondly, its complex orography and particular location - at the transition area between
extra-tropical and subtropical influence (Giorgi and Lionello, 2008) - leads to a great variety of
climates with both Atlantic and Mediterranean influences. Due to this strong variability, this
region represents a challenging area when it comes to downscaling studies (see e.g. Jiménez-
Guerrero et al., 2013; Turco et al., 2017).

Taking these points into account, the aim of this chapter is to analyse the change in the
precipitation extremes using an ensemble of state-of-the-art regional climate projections (RCM)
in the Iberian Peninsula at 1.5, 2 and 3 °C of mean global warming. Due to the seasonal differ-
ences found in previous studies at Europe (Jacob et al., 2014; Vautard et al., 2014; Kjellstrom
et al., 2018; Rajczak and Schér, 2017) and Mediterranean level (Colmet-Daage et al., 2018;
Cramer et al., 2018), the analysis is carried out both at annual and seasonal scale. The Iberian
Peninsula as a whole has been chosen as a framework to contextualise the projections of the

actual study area of the thesis (Catalonia and the Valencian Community).

7.2 Data and methods

7.2.1 Precipitation data

The Representative Concentration Pathways (RCPs) are a set of climate projections developed
by the scientific community in order to facilitate future assessment of climate change. Their
main purpose is to provide information on possible development trajectories for the main forcing
agents of climate change (Van Vuuren et al., 2011). In total, a set of four pathways were
produced that lead to radiative forcing levels of 8.5, 6, 4.5 and 2.6 W m™, by the end of
the 21st century. In this study, daily historical simulations from 1976 to 2005 and climate
projections assuming the RCP 8.5 scenario (8.5 W m™?) from the Fifth Assessment Report
of the Intergovernmental Panel on Climate Change (Pachauri et al., 2014) from 2006 to 2100
are calculated using an ensemble of seven regional climate simulations. The simulations were
performed under the umbrella of the EURO-CORDEX project (Jacob et al., 2014), covering
Europe with a spatial resolution of 0.11 degrees both in latitude and longitude (around 12 km).
Tramblay et al. (2013) observed an improvement in the representation of precipitation and its

extremes at this resolution compared with previous simulations at 25 and 50 km resolution.
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These projections consist of high-resolution downscaling of General Circulation Models (GCMs)
from the CMIP5 (5th Coupled Model Intercomparison Project; Taylor et al., 2012), which
contain tens of realisations of future climates (Alfieri et al., 2018). Their outputs are used to
provide boundary conditions for higher-resolution regional climate models (RCMs). Overall,

the seven climate projections used in this study are combinations of three different GCMs which

were then downscaled with four RCMs, as shown in Table 7.1.

[ Model | Institute | GCM RCM 1.5 °C 2°C 3°C
1 KNMI EC-EARTH RACMO22E 2017-2046 | 20322061 | 2055—2084
2 SMHI HadGEM2-ES RCA4 2011-2040 | 2023-2052 | 2041-2070
3 SMHI EC-EARTH RCA4 2014-2043 | 20282057 | 2053—2082
4 MPI-CSC | MPI-ESM-LR REMO2009 2017-2046 | 2031-2060 | 2054-2083
5 CLMcom | MPI-ESM-LR CCLM4-8-17 | 2017-2046 | 2031-2060 | 2054—2083
6 SMHI MPI-ESM-LR RCA4 2017-2046 | 2031-2060 | 2054-2083
7 CLMcom EC-EARTH CCLM4-8-17 | 2014-2043 | 20282057 | 2053-2082

Table 7.1: EURO-CORDEX climate models used, their characteristics and the periods of each simu-
lation for the three warming levels considered in this study

7.2.2 Estimation of warming thresholds

In this study, the changes in the extremes of precipitation assuming a global warming projections
of 1.5, 2 and 3 °C above preindustrial levels (1881-1910) are analysed (Vautard et al., 2014).
For each simulation, the year when a 20-year running mean of global average temperature
exceeds 1.5, 2 and 3 °C in the RCP8.5 is identified and then a 30-year time window applied for
each warming period and model. Therefore, for each simulation we have 3 periods of 30 years,
described in Table 7.1, as well as the reference period 1976-2005. This method is based on
the guidelines of the HELIX project (Betts et al., 2018), also applied in others studies such as
Alfieri et al. (2018). As can be observed in Table 7.1, the simulations show a certain agreement
with warming periods from 2011-2040 to 2017-2046 for 1.5 °C, from 2023-2052 to 2032-2061 for
2 °C and from 2041-2070 to 2055-2084 for 3 °C.

7.2.3 Precipitation extremes indices

Several extreme precipitation indices from the Expert Team on Climate Change Detection and
Indices (ETCCDI, Karl et al., 1999; Peterson et al., 2001) have been selected in order to analyse
the future change in the precipitation extremes. Table 7.2 summarises the indices used.

These indices are estimated for each of the future warming periods as well as for the ref-
erence period 1976-2005 and both at annual and seasonal level. Then, the relative change
of each warming period with respect to the reference one is calculated and represented. The
seasons considered are: DJF (December, January, February) months for winter, MAM (March,
April, May) for spring, JJA (June, July, August) for summer and SON (September, October,
November) for autumn. Furthermore, the season including July, August and September (JAS)

has additionally been included into the study with the purpose of checking whether there is
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an increase in the convective precipitation during these months, as observed in Llasat et al.
(2016Db).

] Index | Name/description \
PRCPTOT Annual total precipitation in wet days

CDD Maximum length of dry spell

CWD Maximum length of wet spell

SDII Simple precipitation intensity index
Rxlday Annual maximum 1-day precipitation
Rx5day Annual maximum consecutive 5-day precipitation
R10mm Annual count of days with precipitation > 10 mm
R20mm Annual count of days with precipitation > 20 mm
R40mm Annual count of days with precipitation > 40 mm
R60mm Annual count of days with precipitation > 60 mm

Table 7.2: Description of the ETCCDI extreme precipitation indices used in the study

7.2.4 Ensemble robustness

In this study an ensemble map of the 7 models of the change of each index and period with
respect to the reference period will be shown. A method to analyse the robustness of the
ensemble has been applied, following the one developed in Tebaldi et al. (2011), where both the
agreement in the sign of the change and the statistical significance of each model are considered.
This method allows to distinguish if the changes, related to the reference period, are due to the
natural variability or there is a climate change sign. The method uses the following steps, for
each grid point: 1) tests for significant change in each of the models individually with a t-test
comparing the mean of the reference (1976-2005) and the future period (the three warming
periods), 2a) if less than half of the models (50 %) show a significant change then the mean
change will be shown in colour in the ensemble map, 2b) if more than 50 % of the models show
significant change then test for agreement in sign will be done by the following criteria, 3a) if
less than 66 % of the significant models agree on the sign then the grid point will be painted as

white, 3b) if more than 66 % agree on the sign the colour will be accompanied by an asterisk.

7.3 Results

Figure 7.1 shows the changes in the PRCPTOT index with respect to the reference period 1976-
2005 at annual and seasonal scale for a warming of 1.5 °C, 2 °C and 3 °C above preindustrial
conditions (1880-1910) for the entire Iberian Peninsula. A significant trend and an agreement
within the models in the decrease of the total annual precipitation can be found in the south
and centre of the Iberian Peninsula, mostly for greater warming level (3 °C). Furthermore, this
negative trend is also observable at mountain areas (Cantabrian Mountains and the Pyrenees).
This decrease is mainly due to summer months (JJA), when a more pronounced and widespread
reduction of precipitation is produced for the whole Iberian Peninsula with the increase of 3
°C of the global temperature. This behaviour, but less general, is also observed during the

JAS months. In the case of Catalonia, no significant changes are observed in most models.
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However, it is possible to detect a significant trend, and with an agreement in the sign within
simulations, of a decrease between 10 and 20 % in the total annual precipitation in the Pyrenees
when the period of greatest global warming (3 °C) is considered. Actually, studies such as
Lemus-Canovas et al. (2019) have already observed a statistically significant negative trend in
the annual precipitation recorded between 1960 and 2010 in some parts of this mountain range.
For the Valencian Community, a general and significant decrease is expected for the whole year,
with the exception of the autumn months.

The annual increase in the length of dry spell (CDD) is a general and marked change with
agreement between models for the whole Iberian Peninsula, especially with the warming periods
of 2 and 3 °C (Figure 7.2). This increment is observed in the north and east of the Peninsula
(and therefore, in the regions of study) mainly in summer months (JJA and JAS), however,
during spring months (MAM) is more evident in the centre and south of the area.

In contrast to the CDD index, the maximum length of wet spell (CWD) drops with global
warming (Figure 7.3), especially in the south, centre and west of the Iberian Peninsula. The
months of spring (MAM) and summer (JJA) are those that contribute most to this decrease.
Models also agree with this decrease in some parts of the Pyrenees, but predominantly for the
highest warming period (3 °C). The annual reduction is around 10-20 % where an agreement
between models is produced (shown with an asterisk), although this value can exceed the 30 %
during summer months. In the Valencian Community this decrease is more pronounced than
in Catalonia region, exceeding the 20 % of reduction during summer months when the highest
warming period is considered.

The simple precipitation intensity index (SDII) shows an increment in most of the Iberian
Peninsula except for some areas of the north and south (Figure 7.4). The agreement between
models in this increase is observed especially for the greater warming period (3 °C), with an
annual value higher than 10 % in some parts of Catalonia and Aragon. Most models agree with
the increment in the precipitation intensity during winter months (DJF), however a decrease
around 20-30 % is found in most of the north, south and west of the Peninsula during autumn
months (SON). While in Catalonia a general increase is expected, mainly during the months of
winter and spring, although with the exception of the Pyrenees, in the Valencian Community
there is no a clear signal. However, decreases in the SDII index are expected in the south of
this region in almost all seasons of the year, with the exception of the spring months.

Figure 7.5 represents the change in the maximum daily precipitation index (Rx1lday). The
results show no significant change with respect to the reference period in most of the Iberian
Peninsula at annual scale, and only a significant increase around 10-20 % is found in the
Llobregat basin (Catalonia), probably related to autumn and winter months. The seasonal
analysis does not show any significant positive change, however a reduction in the maximum
1-day precipitation can be found in some parts of the south, south-east and north-west of the
Peninsula from June to September. In contrast to Catalonia, a general decrease in this index
can be found in the Valencian Community mainly during summer months with reductions
higher than 20 %.
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The maximum precipitation recorded in 5 consecutive days (Rx5day, Figure 7.6) shows a
pattern similar to the maximum daily one (Figure 7.5), with barely agreement between models
at annual scale. Only some parts of Catalonia and Aragon indicate an increase in this index,
in contrast to the south and south-east (the Valencian Community) of the Iberian Peninsula
where a decrease is found. However, if the seasonal change is considered, a significant reduction
around 10-40 % with respect to the reference period is detected in the south, south-east and
north-west of the Peninsula from March to September.

A robust negative change with global warming can be found in the number of days with
precipitation higher than 10 mm (R10mm), as shown in Figure 7.7. This trend is clearly
detected in the south and west of the Peninsula and in the northern mountain areas. On the
contrary, a statistically significant increase in this index with respect to the reference period
with an agreement higher of 66 % between models can be found in the Ebro and Duero basins
during winter months (DJF). On the other hand, the decrease in daily precipitation exceeding
10 mm is very evident for summer months (JJA and JAS) reaching more than 40 % compared
to the reference period in some parts of the south-east and north-west of the Peninsula. Both
regions of study show a general decrease in this index, however some increases can be found in
Catalonia during winter months.

The number of days with daily precipitation above 20 mm (R20mm) shows a pattern similar
to the 10 mm (Figure 7.7), with a pronounced and statistically significant decrease around 20-
30 % in this index in the south of the Peninsula for the greater warming period (3 °C), but not
as general as the previous index for the rest of the area (see Figure 7.8). During winter months
a more intensive and widespread increment of these events are observed in Duero, Ebro and
Catalan basins, although not being statistically significant in most areas. On the contrary, an
evident decrease of this index is found in the east, south-east and north-west of the Peninsula
with reduction values higher than 40 % when the 3 °C warming period is considered. In the
case of the Valencian Community, a general decrease in this index is found in all the seasons,
however increases are expected in Catalonia from December to February.

The same pattern previously observed in the R10mm and R20mm indices (Figures 7.7 and
7.8, respectively) is also maintained when the number of days exceeding precipitations higher
than 40 mm (Figure 7.9) is analysed, although with a greater domain of the increase of these
events in most of the northern half of the Iberian Peninsula. This increment happens mainly
during autumn and winter months, being statistically significant in some parts of Catalonia
when an increase in the global temperature of 3 °C above preindustrial conditions is considered.
On the other hand, an annual reduction of these events can be found in the south of the
Peninsula, especially for the higher warming periods (2 and 3 °C). In contrast to Catalonia, a
general decrease in this index is observed in the Valencian Community for almost all seasons
of the year.

The R60mm index (Figure 7.10) shows a great variability both at annual and seasonal
scale, only with a statistically significant increase in some parts of Catalonia and decrease in

Andalusia when the greater warming period (3 °C) is taken into account. A pattern of an
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increment of the events with daily precipitation exceeding 60 mm in the centre and north of
the Peninsula and a reduction in the south of the area and north mountain areas (Cantabrian
Mountains and the Pyrenees) can be found. This variability and differences between models

increase when the analysis is done at seasonal scale.
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Figure 7.1: Ensemble mean of the relative change of total precipitation (PRCPTOT) for 1.5, 2 and 3
°C global warming (columns) at annual and seasonal scale (rows). Asterisks indicate areas where at
least 50 % of the simulations show a statistically significant change and more than 66 % agree on the
direction of the change. Coloured areas (without asterisk) indicate that changes are small compared
to natural variations, and white regions (if any) indicate that no agreement between the simulations
is found (similar to Tebaldi et al., 2011)
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Figure 7.2: Ensemble mean of the relative change of maximum length of dry spell (CDD) for 1.5, 2 and
3 °C global warming (columns) at annual and seasonal scale (rows). Asterisks indicate areas where at
least 50 % of the simulations show a statistically significant change and more than 66 % agree on the
direction of the change. Coloured areas (without asterisk) indicate that changes are small compared
to natural variations, and white regions (if any) indicate that no agreement between the simulations
is found (similar to Tebaldi et al., 2011)
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Figure 7.3: Ensemble mean of the relative change of maximum length of wet spell (CWD) for 1.5, 2
and 3 °C global warming (columns) at annual and seasonal scale (rows). Asterisks indicate areas where
at least 50 % of the simulations show a statistically significant change and more than 66 % agree on the
direction of the change. Coloured areas (without asterisk) indicate that changes are small compared
to natural variations, and white regions (if any) indicate that no agreement between the simulations
is found (similar to Tebaldi et al., 2011)
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Figure 7.4: Ensemble mean of the relative change of simple precipitation intensity index (SDII) for
1.5, 2 and 3 °C global warming (columns) at annual and seasonal scale (rows). Asterisks indicate
areas where at least 50 % of the simulations show a statistically significant change and more than 66
% agree on the direction of the change. Coloured areas (without asterisk) indicate that changes are
small compared to natural variations, and white regions (if any) indicate that no agreement between
the simulations is found (similar to Tebaldi et al., 2011)
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Figure 7.5: Ensemble mean of the relative change of maximum 1-day precipitation (Rx1day) for 1.5, 2
and 3 °C global warming (columns) at annual and seasonal scale (rows). Asterisks indicate areas where
at least 50 % of the simulations show a statistically significant change and more than 66 % agree on the
direction of the change. Coloured areas (without asterisk) indicate that changes are small compared
to natural variations, and white regions (if any) indicate that no agreement between the simulations
is found (similar to Tebaldi et al., 2011)
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Figure 7.6: Ensemble mean of the relative change of maximum consecutive 5-day precipitation
(Rx5day) for 1.5, 2 and 3 °C global warming (columns) at annual and seasonal scale (rows). As-
terisks indicate areas where at least 50 % of the simulations show a statistically significant change
and more than 66 % agree on the direction of the change. Coloured areas (without asterisk) indicate
that changes are small compared to natural variations, and white regions (if any) indicate that no
agreement between the simulations is found (similar to Tebaldi et al., 2011)
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Figure 7.7: Ensemble mean of the relative change of the number of days with precipitation > 10 mm
(R10mm) for 1.5, 2 and 3 °C global warming (columns) at annual and seasonal scale (rows). Asterisks
indicate areas where at least 50 % of the simulations show a statistically significant change and more
than 66 % agree on the direction of the change. Coloured areas (without asterisk) indicate that changes
are small compared to natural variations, and white regions (if any) indicate that no agreement between
the simulations is found (similar to Tebaldi et al., 2011)
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Figure 7.8: Ensemble mean of the relative change of the number of days with precipitation > 20 mm
(R20mm) for 1.5, 2 and 3 °C global warming (columns) at annual and seasonal scale (rows). Asterisks
indicate areas where at least 50 % of the simulations show a statistically significant change and more
than 66 % agree on the direction of the change. Coloured areas (without asterisk) indicate that changes
are small compared to natural variations, and white regions (if any) indicate that no agreement between
the simulations is found (similar to Tebaldi et al., 2011)
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Figure 7.9: Ensemble mean of the relative change of the number of days with precipitation > 40 mm
(R40mm) for 1.5, 2 and 3 °C global warming (columns) at annual and seasonal scale (rows). Asterisks
indicate areas where at least 50 % of the simulations show a statistically significant change and more
than 66 % agree on the direction of the change. Coloured areas (without asterisk) indicate that changes
are small compared to natural variations, and white regions (if any) indicate that no agreement between
the simulations is found (similar to Tebaldi et al., 2011)
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Figure 7.10: Ensemble mean of the relative change of the number of days with precipitation > 60
mm (R60mm) for 1.5, 2 and 3 °C global warming (columns) at annual and seasonal scale (rows).
Asterisks indicate areas where at least 50 % of the simulations show a statistically significant change
and more than 66 % agree on the direction of the change. Coloured areas (without asterisk) indicate
that changes are small compared to natural variations, and white regions (if any) indicate that no
agreement between the simulations is found (similar to Tebaldi et al., 2011)
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7.4 Discussion and conclusions

In this chapter, the precipitation extremes in the Iberian Peninsula for a global warming at 1.5,
2 y 3 °C above preindustrial conditions are analysed.

Results show a general decrease of the total annual precipitation in most of the Peninsula,
especially in the central and southern parts, which becomes greater with higher levels of global
warming and during summer months. This, together with the expected increase in the length
dry spell (CDD), will probably exacerbate water scarcity, which is already a problem in the
area. Garrote et al. (2007) pointed out that the decreased water availability and increased
drought, will have to satisfy an increased demand, as the higher mean annual temperature will
increase evapotranspiration in irrigated areas. This pattern is also observable in other studies
of the Mediterranean region (Jacob et al., 2014; Cramer et al., 2018; Sillmann et al., 2013;
Rajczak and Schér, 2017; Turco et al., 2017). For example, Kjellstrom et al. (2018) found an
increase in mean precipitation in the north of Europe, but a reduction in the south, especially
during summer months. In addition, they found a likely decrease in the mean precipitation
with global warming in mountain regions, such as the Pyrenees and Cantabrian Mountains.

On the other hand, many researchers have observed a likely increase in the extreme pre-
cipitation events in Europe and Mediterranean region with increasing global temperature (e.g.
Drobinski et al., 2018). This is reflected in our study by the maximum precipitation recorded
in 1 day (Figure 7.5), which shows an increase with global warming in the north and north-east
of the Iberian Peninsula, with the exception of the mountain areas, especially during winter
and autumn months. This pattern is repeated in the case of the maximum precipitation accu-
mulated in 5 consecutive days (Figure 7.6), also an indicator of extreme precipitation events,
although these changes are not statistically significant in most cases. In Colmet-Daage et al.
(2018) an expected increase in the extreme precipitation events in 3 western Mediterranean
basins (one of them belonging to Catalonia, La Muga) was also observed for the end of the
21st century. This trend was also found at European level in other studies, especially for win-
ter and autumn months (Vautard et al., 2014; Rajczak and Schér, 2017; Jacob et al., 2014).
However, summer and spring months show an evident reduction of these events, also observed
in the number of days with daily precipitation higher than 10 mm in our case (Figure 7.7).
When analysing the number of days exceeding the 20 (Figure 7.8) and 40 mm (Figure 7.9),
a pronounced reduction is found in the south and in the north mountains of the Peninsula,
although an increase can be detected in the centre and north of the area. Tramblay and Somot
(2018) also pointed out an increment of the extreme precipitation events in the Internal Basins
of Catalonia, as well as a reduction of those in the east and south of the Peninsula.

In the regions of study (Catalonia and the Valencian Community) a different behaviour
has been observed. In Catalonia, a general decrease in the annual precipitation can be found
mainly during summer months, being more evident in the Pyrenees. However, increases in
extreme precipitation events are expected from September to May. In contrast, in the Valencian
Community both annual and extreme precipitation is expected to decrease especially during

spring and summer seasons, although some increases in extreme precipitation events can be
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found in autumn and winter months, mainly in the north of this region.

In summary, with global warming a general decrease in the annual precipitation and a pro-
nounced increase in the number of days without rainfall in the Iberian Peninsula is projected,
especially during spring and summer months. Nevertheless, an increase of the extreme pre-
cipitation events has been found, mainly in autumn and winter months and in the north and

north-east of the Peninsula.
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Chapter 8

Impact of climate change on the

probability of damaging flood events

Abstract

The main objective of this chapter is to estimate the changes in the probability of damaging
flood events in Catalonia and the Valencian Community with a global warming of 1.5, 2 and 3 °C
above preindustrial levels and taking into account different socioeconomic scenarios. The results
show a general increase in the probability of a damaging event for most of the cases and in both
regions of study, with larger increments when higher warming is considered. Furthermore, this
increase is higher when both climate and population change are included. When population
is considered, all the warming periods and climate models show a clearly higher increase in
the probability of a damaging event, which is statistically significant for most of the cases.
Nevertheless, when mean precipitation accumulated in 24 h is used as the sole independent
variable of the damage model, not all the climate models show an increase in the probability
of damaging events.

Our findings highlight the need for limiting the global warming as much as possible, as well
as the importance of including variables that consider change in both climate and socioeconomic

conditions in flood damage analysis.

8.1 Introduction

In the last few years, much research has focused on the study of climate change in the Mediter-
ranean region, an area that is identified as being one of the most vulnerable to climate change
according to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change
(Pachauri et al., 2014). Some studies have found an increase in precipitation extremes with
global warming projections in the Mediterranean region (Colmet-Daage et al., 2018; Drobinski
et al., 2018), although a general decrease in the annual precipitation is projected (Jacob et al.,
2014; Cramer et al., 2018; Sillmann et al., 2013; Rajczak and Schér, 2017). As a result, flood

risk associated with extreme precipitation events is expected to increase due to climate change,
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but also due to non-climatic factors such as increasingly sealed surfaces in urban areas and
ill-conceived storm-water management systems (Cramer et al., 2018).

Taking into account the above-mentioned points, the aim of this last chapter of the thesis
is to estimate the future flood damage considering both climate and socioeconomic expected
changes. For this purpose, the changes in the probability of a damaging event with respect to
the reference period (1976-2005) with global warming of 1.5, 2 and 3 °C above preindustrial
levels and considering different socioeconomic scenarios have been assessed. This has been done
using the relationships between insurance data, precipitation and population resulted from the
previously developed present climate model (see Chapter 6). Therefore, this last chapter of
the thesis brings together all the findings obtained in the previous ones: the models developed
in Chapters 4, 5 and especially 6 and the data from daily precipitation projections treated in
Chapter 7.

8.2 Methods

The main characteristics of the region of the study as well as the data sources used in this
chapter are explained in Chapter 3. The river-basin-scale is the spatial resolution chosen, in
order to follow the same resolution of the previous analyses. The methodology and results of this
chapter are divided into three parts: (i) future daily precipitation projections, (ii) population

scenarios, and (iii) future probability of damaging events.

8.2.1 Treatment of daily precipitation projections

In this chapter, the changes in daily precipitation data from the 7 EURO-CORDEX simulations
used in Chapter 7 have been used assuming global warming scenarios of 1.5, 2 and 3 °C above
preindustrial levels (1881-1910) (Vautard et al., 2014). Further information about these data
and the methodology followed can be found in Chapters 3 and 7.

To select the precipitation data to be used in the analysis, we first aggregate all of the
time-series to the river-basin level, calculating the mean of the grid cells belonging to each of
the basin polygons. Then, a bias correction has been applied in order to smooth the differences
between the observations and the simulations. To this end, the common period 1996-2005 has
been selected. The data from the simulations come from the historical data series of each climate
model, while the data from the observations are the daily precipitation data from the AEMET
weather stations with an effectiveness higher than 90 %. Both datasets are aggregated to the
river-basin-scale, using the mean value. Once the two pairs of comparable series are available
for each climate model, the differences between them are estimated by applying a quantile
mapping bias correction method, specifically with a non-parametric quantile mapping using
the robust empirical quantiles method (Gudmundsson et al., 2012). This method estimates
the values of the quantile-quantile relation of observed and modelled time series for regularly
spaced quantiles using local linear least square regression. In order to check the suitability of

the method chosen, the differences between the observations and simulations for the period
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1996-2005 have been compared with and without the correction applied. This has been done
for the cases that recorded a mean precipitation in the basin higher than 40 mm, being this
the same threshold used in the model for the present climate (Chapter 6).

Figure 8.1 shows the Catalonia example of the comparison between the simulations and
observed precipitation for the common period 1996-2005 for the flood cases that exceeded the
40 mm 24 h! precipitation threshold without (top panel) and with (bottom) the correction
applied. As can be observed, the differences between both databases are clearly reduced when
using the corrected data, proving the aptitude of the method. In the case of Segre basin, that is
basin 300 (see Table A.6 and Figure A.1 of the Appendix section), climate models M3, M4, M6
and M7 present events with mean precipitation exceeding the 40 mm 24 h! threshold, although
there are no observations. The lack of observations could be due to the averaging of the data
recorded in the basin, considering its large extension; the biggest of the region with a total
surface around 10,150 km?. Actually, basins with higher mean precipitation values are mainly
the smallest ones (for example basins 833 and 1004 belonging to Calafell-Torredembarra and

La Senia, respectively).
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Figure 8.1: Comparison of the observed vs climate models resulted mean precipitation values for the
basins of Catalonia (cases with average daily precipitation exceeding 40 mm only). Top panel excludes
the correction for the common period 1996-2015 while the bottom panel includes it. M1 to M7 refer
to the 7 EURO-CORDEX simulations used (see Chapter 7). The numbers on the x-axis indicate the
code of each basin (see Table A.6 and Figure A.1, Appendix section)

The same methodology has been applied for the Valencian Community. In this case, all the
basins and climate models have recorded a mean precipitation value higher than 40 mm 24 h
during the 1996-2005 period. The homogenisation achieved with the bias correction process is

clearly reflected in the bottom panel of Figure 8.2.
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Figure 8.2: Comparison of the observed vs climate models resulted mean precipitation values for the
basins of the Valencian Community (cases with average daily precipitation exceeding 40 mm only).
Top panel excludes the correction for the common period 1996-2015 while the bottom panel includes
it. M1 to M7 refer to the 7 EURO-CORDEX simulations used (see Chapter 7). The numbers on the
x-axis indicate the code of each basin (see Table A.7 and Figure A.2, Appendix section)

The same bias correction method has been applied for the three future periods (1.5 °C, 2 °C
and 3 °C), using specific correction per basin and climate model. Finally, only the cases that
recorded a mean precipitation in the basin higher than 40 mm 24 h™* were selected, in order to
use the same data as those that were introduced to build the precipitation-damage model for

the present climate (Chapter 6).

8.2.2 Treatment of population projections

The Shared Socioeconomic Pathways (SSPs), together with the 2UP model (Van Huijstee et al.,
2018), have been used to obtain the total population of each of the basins of the study for the
future projections. The main objective of the 2UP model is to disaggregate the scenario-based
projected national-level urban population to 30 arcseconds data and simulate urban expansion
for 194 countries and territories (for more information see Chapter 3). The Shared Socioe-

conomic Pathways (SSPs) describe plausible alternative changes in aspects of society such
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as demographic, economic, technological, social, governance and environmental factors (O’Neill
et al., 2017). The SSPs are based on five narratives describing alternative socio-economic devel-
opments, including sustainable development (SSP1), middle-of-the-road development (SSP2),
regional rivalry (SSP3), inequality (SSP4) and fossil-fueled development (SSP5) (Riahi et al.,
2017).

In order to incorporate the population data in the damage model, three main processes have
been applied: (i) temporal downscaling from 10 years resolution to yearly; (ii) river-basin-level
aggregation; and (iii) bias correction.

For the temporal downscaling, simple linear regression has been applied in order to obtain
yearly population data for each of the SSPs. The 2UP model estimates the population every
10 years, from 2010 to 2080. However, most of the EURO-CORDEX future daily precipitation
simulations reach and overpass the year 2080 (all of them except the Model 2) while using the
30-year window for the warming period of 3 °C (see Table 7.1, Chapter 7). For these years
(2081-2084), the same population change coefficient for the last ten years period (2070-2080)
has been applied.

After obtaining the yearly population data for all SSPs, the data were aggregated to the
river-basin-level by summation. Therefore, each basin will have 5 different yearly population
series (corresponding to each SSP) from 2010 to 2084 (the last year of the precipitation simu-
lations).

Finally, a bias correction process is also required for the population data. The year 2010 has
been chosen for carrying out the comparison between the population data from the observations
and those from the 2UP model. Figures 8.3 and 8.4 show the 2010 population aggregated at
basin and region level for Catalonia and the Valencian Community, respectively. As can be
observed in both cases, differences between the projections are negligible, though there exists a
significant disagreement with the observations. For this reason a scaling bias correction method
has been used to correct the population projection data. This means that the ratio for each
basin and SSP between the observed and simulated population for the 2010 year has been

applied to the future population projections.
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Figure 8.3: Population (year 2010) for each basin of Catalonia (left) and for the whole region (right)
for the observed and simulated population (SSPs). The numbers on the x-axis indicate basins’ code
(see Table A.6 and Figure A.1, Appendix section)
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Figure 8.4: Population (year 2010) for each basin of the Valencian Community (left) and for the whole
region (right) for the observed and simulated population (SPPs). The numbers on the x-axis indicate
basins’ code (see Table A.7 and Figure A.2, Appendix section)
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Therefore, after these processes, each basin has a yearly population series corrected from
2010 to 2084 for the 5 SSP.

8.2.3 Modelling damaging events: Generalized Linear Mixed Model

Once both future precipitation and population data have been corrected, the same model
developed in Chapter 6 can be applied for both regions of study in order to estimate the
probability of a damaging event in the future. The Generalized Linear Mixed Model (GLMM)

follows the equation 8.1:

log(ﬁ) = fo+ 5P+ B R+ b + by (8.1)

Where 7 is the response variable (the probability to exceed a specific threshold of damage),
P and R are the predictors (mean precipitation recorded in 24 h and total population of the
basin in our case), and b; and b; are the random effects related to the basins and the events.
The value of the /5 coefficient is determined using Generalized Linear Models (GLMs). The
Wald x? statistic is used to assess the statistical significance of individual regression coefficients
(Harrell Jr, 2015).

As has been explained in sections 8.2.1 and 8.2.2, 7 climate models for future daily precipi-
tation and 5 socioeconomic scenarios for total population have been used. As a result, a total
of 35 different models have been developed for each of the regions of study.

Furthermore, the results using the model with the precipitation recorded in 24 h as sole
independent variable have also been estimated in order to observe the differences in the prob-
ability of a damaging event when the exposure of the territory (i.e. population) is taken into

account.
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8.3 Results

8.3.1 Extreme precipitation projections

Figures 8.5 and 8.6 show the change (in %) of the mean 24 h precipitation, averaged across all
basins, in the future simulations compared to the reference period (1976-2005), when taking into
account the cases that overpassed the 40 mm 24 h™' precipitation threshold for the different
climate models and warming periods (global warming at 1.5, 2 and 3 °C). In the case of
Catalonia (Figure 8.5), most of the climate models and warming periods show an increase of
the mean daily precipitation with the exception of Model 3 (EC-EARTH-RCA4, see Chapter
7), which projects a decrease for the 2 °C global warming level. Most of the climate models
(4 out of 7) indicate greater precipitation values when the highest warming level is taken into
account (3 °C), agreeing with several studies that point to an increase of precipitation extremes

with global warming (Drobinski et al., 2018; Colmet-Daage et al., 2018; Tramblay and Somot,

2018; Cramer et al., 2018).
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Figure 8.5: Change in the mean daily precipitation compared to the reference period (1976-2005) for
cases exceeding the 40 mm 24 h™! threshold for the 7 climate models and the 3 levels of warming in
Catalonia. Dashed hatchings around bars indicate significant changes (p value < 0.05; Mann-Whitney
Test) with respect to the reference period

In the case of the Valencian Community region, the change in the mean daily precipitation
at basin scale for the future periods is lower (Figure 8.6). However, apart from one case which is
non-significant (3 °C, Model 5: MPI-ESM-LR-CCLM4-8-17), all the climate models and periods
show an increase of the mean precipitation of the basin when the events with daily precipitation
exceeding the 40 mm are taken into account. In this case, there is no clear pattern of larger

increases in extreme precipitation with higher warming levels.

124



8.3. Results

Period

-
1

1

[}

1

1

1

: |:] 1.5C
1

I . 2C

1

| Ml =
1

1

[}

1

1

1

1

1

1

1

1

1

1

Significance

I:' Non-significant
]

I 1 Significant

[,

Change (%) in the mean daily precipitation (events > 40 mm)

1 2 3 4 5 6 7
Model

Figure 8.6: Change in the mean daily precipitation compared to the reference period (1976-2005) for
cases exceeding the 40 mm 24 h™! threshold for the 7 climate models and the 3 levels of warming in
the Valencian Community. Dashed hatchings around bars indicate significant changes (p value < 0.05;
Mann-Whitney Test) with respect to the reference period

The greater positive changes in precipitation values in the case of Catalonia was expected if
we take into account the results showed in Chapter 7. The east of the Iberian Peninsula (where
the Valencian Community is placed) presents a greater decrease in both annual precipitation
and in the number of days with daily precipitation higher than 40 mm in comparison to the
north-east part (Catalonia). Nevertheless, from these results can be concluded that heavy daily

precipitation is likely to increase with global warming in both regions of study.

8.3.2 Population projections

Figures 8.7 and 8.8 show the projections in the population per region of study (Catalonia and
the Valencian Community, respectively) after applying the treatment processes explained in
Section 8.2.2.

For both regions, the largest increase in population is in SSP5, with population growth
around 50 % for Catalonia and 62 % for the Valencian Community by the end of the 21st
century with respect to 2010. SSP5 is defined by the push for economic and social development
coupled with the exploitation of abundant fossil fuel resources and the adoption of resource
and energy intensive lifestyles around the world (O’Neill et al., 2017). Though fertility declines
rapidly in developing countries, fertility levels in high income countries are relatively high. For
this reason, despite being the scenario that projects the second lowest population by the end of
the 21st century in terms of global population (Samir and Lutz, 2017), in our region of study

it projects the highest increase (high income economy).
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On the other hand, SPP3 depicts the largest decrease in the total population in Catalonia
and the Valencian Community, with a reduction of 25 % and 30 %, respectively. In this scenario
a low population growth is expected in industrialised countries, while high increases can be
found in developing countries (O’Neill et al., 2017). This explains the difference between the
results found in studies such as Samir and Lutz (2017) in which the highest global population

expected growth is found for this scenario.
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Figure 8.7: Future population projections for the different SSP’s in Catalonia
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Figure 8.8: Future population projections for the different SSP’s in the Valencian Community

SSP5 assumes a society that keeps relying heavily on fossil fuels. This implies that we
may expect high emissions, and therefore the combination with RCP8.5 (the only RCP used
in the thesis) is very plausible. For this reason, the main results of this study will focus on the
RCP8.5/SSP5 combination. However, some analysis will also be performed considering all the

SSPs in order to show the differences between the socioeconomic projections.
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8.3.3 Future probability of damaging events

Finally, the changes in the probability of damaging events for both regions have been assessed

when considering a global warming of 1.5, 2 and 3 °C.

Catalonia

Figure 8.9 shows the change in the probability of a damaging event for Catalonia, for three
damage percentiles (50, 60 and 70th) and taking into account the mean precipitation recorded
in 24 h and the population considering the SSP5 socioeconomic scenario. As can be observed,
this probability increases with respect to the reference period (1976-2005) for all the climate
models and warming periods. The increase is higher when greater warming is considered in
most of the cases (the increase is usually larger with 3 °C than with 1.5 and 2 °C), which
emphasises the importance of restricting global warming as much as possible. Furthermore, the

increase in probability is greater for higher percentiles of damage.
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Figure 8.9: Change in the probability of a damaging event in Catalonia with respect to the reference
period (1976-2005) for the 50, 60 and 70th damage percentiles and for all climate models when using
the SSP5 socioeconomic scenario. Different hatchings around bars show the different percentiles of
damage

The results presented above show the change in probability of damaging events due to both
climate change and increasing exposure (i.e. increasing population), both of which have been
shown to have a significant relationship with flood damage in Chapter 6. In Table 8.1, the
change in the probability of damaging events is shown for the 70th damage percentile, when
keeping population constant at today’s levels (left) versus using the SSP5 population data
(right). The results show that the increase in probability is higher when both climate and
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population change are included. When population is considered, all the periods and climate
models clearly show a higher increase in the probability of a damaging event, which is statis-
tically significant for all cases. Nevertheless, when mean precipitation accumulated in 24 h is
used as the sole independent variable of the model, not all the climate models show an increase
in the probability of damaging events. These results point out the importance of including

variables that represent change in both the climate and socioeconomic conditions.

Model Precipitation Precipitation + population
15°C ] 2°C [ 3°C 1.5°C [ 2°C [ 3°C

1 13 % 15 % 12 % 31 % 39 % 41 %

2 11 % 10 % 12 % 42 % 42 % 63 %
3 6 % 2% 17 % 20 % 15 % 61 %
4 11 % 16 % 9% 25 % 44 % 40 %
5 3% 10 % 10 % 15 % 36 % 48 %
6 1% 8 % 14 % 15 % 34 % 56 %

7 6 % 5% 4 % 19 % 28 % 41 %

Table 8.1: Change in the probability of a damaging event in Catalonia for the 70th damage percentile
and the three warming periods with the mean 24 h precipitation as explanatory variable (left) and
mean 24 h precipitation and population (SSP5) as explanatory variables (right). The gray cells show
statically significant (p value < 0.05) increases (light) and decreases (dark) in relation to the reference
period (1976-2005)

Finally, in order to see the differences between the socioeconomic scenarios (SSPs), the
probability of exceeding the 70th percentile of damage in Catalonia for all the periods, climate
models and SSPs are plotted in Figure 8.10. Results show an increase in the probability of
a damaging event in almost all cases, pointing out that even with lower exposure than in the
SSP5 scenario, increases in flood damage are evident. The only exception is for Model 3 in
combination with the 2 °C warming period and the SSP3 scenario; this SSP shows a marked
reduction trend in population (see Figure 8.7). The largest increases in probability are found

under SSP5, since this has the largest increase in population.
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Figure 8.10: Change with respect to the reference period (1976-2005) of exceeding the 70th percentile
of damage in Catalonia for all the climate models, warming periods and socioeconomic scenarios (SSP).
Different hatchings around bars show different warming levels

The Valencian Community

The same analysis has been carried out for the Valencian Community, based on the relationships
found for the present climate for this region (see Chapter 6). Figure 8.11 shows the change
in the probability of a damaging event (defined by 3 percentiles of damage) based on the
precipitation recorded in 24 h and the population (SSP5 scenario). As can be observed, all
climate models and periods show an increase in this probability with respect to the reference
period. Therefore, an increase in the probability of a damaging event occurrence is likely
to happen with global warming and with the expected growth of the population, becoming
higher when greater warming is considered. Actually, with a global temperature of 3 °C above
preindustrial conditions, the change in probability is considerably higher than the other two
warming periods (1.5 °C and 2 °C) in most cases, becoming twice as high in some of them.

Furthermore, this probability becomes larger for higher percentiles of damages.
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Figure 8.11: Change in the probability of a damaging event in the Valencian Community with respect to
the reference period (1976-2005) for the 50, 60 and 70th damage percentiles and for all climate models
when using the SSP5 socioeconomic scenario. Different hatchings around bars show the different
percentiles of damage

The change in the probability of a damaging event when considering the 70th percentile of
damage is shown in Table 8.2. When population is considered constant at today’s levels (left),
the range of values goes from -4 to 26 %, but only the positive and highest ones are statistically
significant. However, when the change in population according to SSP5 is also taken into
account (right), all values become positive, greater and most of them statistically significant,

highlighting the importance of considering the population while analysing flood damages.

Model Precipitation Precipitation + population
1.5 °C \ 2°C \ 3°C 1.5 °C \ 2°C \ 3°C

1 12 % 12 % 16 % 23 % 50 % 86 %

2 4 % 2 % 8 % 11 % 28 % 1%

3 13 % 19 % 14 % 36 % 50 % 61 %
4 2% 1% 3% 21 % 35 % 47 %

5 -4 % 2% -4 % 28 % 42 % 56 %

6 16 % 7% 26 % 41 % 50 % 94 %
7 10 % 20 % 9% 24 % 47 % 54 %

Table 8.2: Change in the probability of a damaging event in the Valencian Community for the 70th
damage percentile and the three warming periods with the mean 24 h precipitation as explanatory
variable (left) and mean 24 h precipitation and population (SSP5) as explanatory variables (right).
The gray cells show statically significant (p value < 0.05) increases (light) and decreases (dark) in
relation to the reference period (1976-2005)

The probability of exceeding the 70th percentile of damage for the Valencian Community
for all the periods, climate models and SSPs is shown in Figure 8.12. Although most of the
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cases show an increase in the probability of a damaging event, this increase is not as clear as
that of the Catalonia region. When the SSP3 socioeconomic scenario is taken into account,
substantial decreases can be found in most climate models. As in the case of Catalonia, the
largest increases are found under the SSP5 scenario, when higher population growth rates are
expected (see Figure 8.8). These results once again underline the importance of considering

socioeconomic changes in flood risk analysis.
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Figure 8.12: Change with respect to the reference period (1976-2005) of exceeding the 70th percentile
of damage in the Valencian Community for all the climate models, warming periods and socioeconomic
scenarios (SSP). Different hatchings around bars show different warming levels

8.4 Conclusions

The main contribution of this last chapter of the thesis is the assessment of the probability of
future damaging events in two Western Mediterranean regions (Catalonia and the Valencian
Community) considering both climatic factors and changes in exposure according to different
socioeconomic scenarios.

The relationships found in the models developed for the present climate (Chapter 6) are of
great importance for analysing the flood risk and understanding the links between flood damage
and their causes. From these links, the future probability of flood damage can be assessed taking
into account the changes in daily precipitation based on climate change projections as well as
the expected changes in the population according to different socioeconomic scenarios. In this
chapter, the changes in the probability of a damaging event with global warming of 1.5, 2
and 3 °C above preindustrial levels have been estimated. Our results have shown that this

probability increases with respect to the reference period (1976-2005) for most climate models
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and warming periods in both regions when considering the RCP8.5/SSP5 combination, being
higher in the case of Catalonia. Furthermore, a remarkable result found in both areas is that this
change is usually larger when greater warming is considered. That points out the importance
of restricting the expected global warming increase as lower as possible. The only reductions
in the probability of a damaging event is found when considering the SSP3 (and in some cases
the SSP4 for the Valencian Community), since this scenario shows a marked decrease in the
population by the end of 21st century in both areas. Furthermore, in both regions the results
show that the increase in probability is higher when both climate and population change are
included, highlighting the importance of also considering variables that take into account the
exposure of the territory in flood damage analysis.

Overall, results show a general and marked increase in the probability of a damaging event
with global warming with respect to the reference period when considering the RCP 8.5 climate
change scenario and the SSP5 socioeconomic scenario. Other studies such as Wobus et al. (2014)
also show an increase in monetary damages from flooding in nearly all regions of the United
States and a total increase in damages by the end of the 21st century of approximately 30 %,
although without taking into account other factors involved such as changes in demographics
or infrastructure. In the Mediterranean area other authors also found an increase in flood
risk associated with extreme precipitation events due to climate change (Cramer et al., 2018;
Alfieri et al., 2015a), however the projections in flood hazards in Europe vary a lot regionally
(Kundzewicz et al., 2017). Most of the studies of future flood projections refer to river floods
(Alfieri et al., 2015a; Roudier et al., 2016; Rojas et al., 2012), without taking into account other
types of floods. Therefore, this thesis ends with a substantial contribution towards assessing
the future flood damage caused by other types of flood events, such as those caused by heavy

precipitation episodes (surface water floods), as well as accounting for changes in population.
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Chapter 9

Conclusions and future research lines

9.1 Conclusions

The overall objective of this thesis was to analyse flood damages in two Mediterranean regions
frequently affected by intense precipitation events and to estimate their changes when future
climate change projections and different socioeconomic scenarios are considered. To achieve

this goal, the following specific aims were identified:

1. Identify the flood events that have affected the regions of study (Catalonia

and the Valencian Community).

2. Estimate the relationship between precipitation and flood damage for the

present climate.

3. Analyse changes in precipitation extremes considering different climate change

projections.
4. Assess the changes in the exposure of the regions of study.

5. Estimate flood damage variations due to global warming and considering dif-

ferent climate projections and socioeconomic scenarios.

In this chapter we aim to summarise our central findings and the original contributions to
the field.

Section 9.2 presents the main results referred to these specific goals, whilst Section 9.3
reports the overall conclusions. Finally Section 9.4 discusses some areas of study where we

could be involved in the near future.
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9.2 Results of this thesis

9.2.1 Identify the flood events that have affected the regions of study

(Catalonia and the Valencian Community)

The north-west Mediterranean region experiences heavy precipitation every year and floods that
occasionally produce catastrophic damages (Llasat et al., 2013). Both western Mediterranean
regions covered in this thesis (Catalonia and the Valencian Community) are prone to these
events, most of them caused by local heavy precipitation events (Llasat et al., 2016b). Therefore,
the majority of floods that affect the region of study are surface water floods, which can be
regarded as coming under the most general definition of rainfall-related floods.

The identification of each flood event and the collection and estimation of all the information
regarding these events become crucial for the latter analysis of the links between flood damage
and their causes. For the period of study, 1996-2015, Catalonia has recorded 166 flood events
and received a total of 436.40 M Euro in compensation due to these events. That results in an
average of 8.3 flood events and 21.82 M Euro per year. 13 of the flood events recorded caused
catastrophic impacts, 87 extraordinary and 66 ordinary impacts. The basin most affected by
floods was the Maresme with a total of 68 events. Besos basin was the one that registered more
damages with a total compensation amount higher than 45 M Euro according to CCS.

For the same period, the Valencian Community was affected by 69 events causing 713.75
M Euro in compensation. Therefore, this region recorded an average of 3.5 flood events and
received 35.69 M Euro per year from CCS due to floods. 11 of the total flood events were
catastrophic, 26 extraordinary and 32 ordinary. The most affected basin was Marina Alta with
a total of 32 flood events for the same period. Nevertheless, 30 % of the total compensation
(221.66 M Euro) were paid in the Jucar basin.

In both regions, more than 20 % of the flood events occurred in September, followed by
August in the case of Catalonia (14 %) and October in the case of the Valencian Community
(17 %). Coastal municipalities were the most affected by flood events and where most damage
took place, since is where more population, infrastructure and assets are found and where local

heavy precipitation events take place frequently.

9.2.2 Estimate the relationship between precipitation and flood dam-

age for the present climate

We have tested several regression models to gauge the probability of large damaging events
occurring given a certain precipitation amount and taking into account other variables related
to the exposure of the territory. To do this, we analysed the relationship between these variables
and flood damage estimates from insurance datasets in the region of study. Since there is not
a standard definition of a large damaging event, we tested several cases, corresponding to
insurance compensation exceeding different percentiles of the total damage sample.

Firstly, a correlation analysis at municipality level has been done in the Metropolitan Area of
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Barcelona, showing that runoff has an important role in lood damage produced in urban zones
with values of correlation close to 0.6. Then, the simple logistic regression models applied have
confirmed that 30-min precipitation is a better predictor of the probability of large damages
than daily precipitation in urban areas, with values under the ROC curve (RA) higher than
0.8 in all cases when sub-daily precipitation is used.

In the case of the whole Catalonia region, two types of logistic regression models have been
tested to study the relationship between precipitation and compensation paid by insurance
companies: simple and multiple logistic regression models. Better results have been obtained
when using multiple logistic regression models with 30-min precipitation, proportion of urban
zone and slope as explanatory variables. The probability of a damaging event increases with
the 30-minutes precipitation data, but also both urban zone and slope are positively correlated
with the response variable, showing that a highly urbanised and steeper basin will have a higher
probability of a damaging event occurrence than a less urbanised and flat one, as expected.
These results highlight the importance of including variables that also consider the exposure
and vulnerability of the territory in flood damage analysis.

Finally, we have applied Generalized Linear Mixed models to estimate the probability of
damaging events in Catalonia and the Valencian Community, taking into account both hazard
and exposure. The best model for both regions was the one with the mean precipitation
accumulated in 24 h and the total population of the basin as independent variables. Results
have shown that the probability of a damaging event increases with precipitation and population
of the basin. For both regions of study, the RA values indicate that our model has a good
performance, with values close to 1 in all cases. These results improve those obtained by using
both simple and multiple logistic regression models in the case of Catalonia, demonstrating that
the incorporation of random effects in the model improves its performance, since, in general,
better RA values are achieved when applying GLMMs.

Overall, our results have confirmed the hypothesis that precipitation is a key factor in
explaining the damage caused by flood events in regions in which surface water floods are the
main type of flood, as is the case in both Mediterranean regions of study. Furthermore, the
results point out the need of incorporating variables such as population that give information

about the exposure of the territory.

9.2.3 Analyse changes in precipitation extremes considering different

climate change projections

We have analysed the precipitation extremes in the Iberian Peninsula for a global warming at
1.5, 2 and 3 °C above preindustrial conditions, using a subset of the ETCCDI (Expert Team
on Climate Change Detection and Indices) precipitation indices and an ensemble of 7 EURO-
CORDEX simulations assuming the RCP 8.5 scenario. We have presented an ensemble map of
the 7 models showing the change of each precipitation index and warming level with respect to
the reference period (1976-2005) per year and season.

Results have shown a general decrease of the total annual precipitation in most of the
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Iberian Peninsula, especially in the central and southern parts. The decrease becomes larger
with higher levels of global warming and especially during summer months. This, together with
the expected increase in the length dry spell (CDD), could potentially exacerbate water scarcity,
which is already a problem in the area. However, a likely increase in extreme precipitation with
global warming, specially during the months of autumn and winter, have been found in the north
and north-east half of the Iberian Peninsula. For instance, our results have shown projected
increases in the number of days with daily precipitation exceeding 40 mm in the centre, north
and north-west of the region. This is also in line with other studies on projections of extreme
precipitation in the region (Drobinski et al., 2018; Colmet-Daage et al., 2018; Tramblay and
Somot, 2018; Cramer et al., 2018), which show a likely increase in the extreme precipitation
events in Europe and the Mediterranean area with increasing global temperature, mostly during
the winter months (Kjellstrom et al., 2018; Vautard et al., 2014; Rajczak and Schér, 2017; Jacob
et al., 2014).

In Catalonia, a general decrease in the annual precipitation is expected mainly during
summer months, being more pronounced in the Pyrenees. However, increases in extreme pre-
cipitation events have been found from September to May, observed in the maximum 1-day and
consecutive H-day precipitation indices as well as in the number of days with precipitation ex-
ceeding 40 mm. This pattern is also observable in other studies of the region. For instance, the
Third Report on Climate Change in Catalonia (TICC, 2016) points towards a general reduc-
tion of the total annual precipitation with global warming while Barrera-Escoda et al. (2014)
show an increase of the frequency of heavy precipitation events (>200 mm in 24 h) during the
2021-2050 period.

In contrast, in the Valencian Community both annual and extreme precipitation are ex-
pected to decrease especially during spring and summer seasons, although some increases in
extreme precipitation have been found in autumn and winter months, mainly in the north part

of this region.

9.2.4 Assess the changes in the exposure of the regions of study

We have studied changes in exposure (i.e. population) in both regions of study taking into
account 5 different socioeconomic scenarios. The Shared Socioeconomic Pathways (SSPs),
together with the 2UP model, have been used to estimate the total population of each of the
basins of the study for the future projections. The Institute for Environmental Studies (IVM)
of the Vrije Universiteit of Amsterdam collaborated in the development of the 2UP model,
reason why this part of the thesis was carried out during a research stay conducted at the IVM.
The SSPs are based on five narratives describing alternative socio-economic developments,
including sustainable development (SSP1), middle-of-the-road development (SSP2), regional
rivalry (SSP3), inequality (SSP4) and fossil-fueled development (SSP5) (Riahi et al., 2017).
The 2UP model disaggregates scenario-based projected national-level urban population to 30
arcseconds data and simulates urban expansion for 194 countries and territories.

All 5 scenarios has been considered in the analyses to predict the future probability of a
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damaging flood event, however, main results have been focused on the RCP8.5/SSP5 combi-
nation, since this scenario assumes a society that keeps relying heavily on fossil fuels and thus,
high emissions are expected.

Most of the scenarios (3 out of 5) depicts an increase in the population by the end of the
21st century, with the highest population growth around 50 % for Catalonia and 62 % for the
Valencian Community with respect to 2010 when SSP5 is considered. Therefore, this implies a
substantial increase in the exposure. Only SSP3 projects a clear decrease of the population in

both regions.

9.2.5 Estimate flood damage variations due to global warming and
considering different climate projections and socioeconomic sce-

narios

We have applied the Generalized Linear Mixed models developed along this thesis (specifically
in Chapter 6) to assess the future probability of damaging flood events under scenarios of
climate and population change. We have assessed changes in this probability with respect to
the reference period (1976-2005) for both regions when considering a global warming of 1.5, 2
and 3 °C.

Our results have shown that the probability of damaging flood events increases for most
models and warming periods in both regions when considering the RCP8.5/SSP5 combination,
being higher in the case of Catalonia. Furthermore, a remarkable result found in both areas is
that this change is usually larger when greater warming is considered and when both climate
and population change are included. In the case of Catalonia, when population is considered,
all the periods and models clearly show a higher increase in the probability of a damaging event
(i.e. compensation exceeding 70th percentile of damage), which is statistically significant for all
cases (the range of values goes from 15 % to 63 %). In the case of the Valencian Community,
when population is considered constant at today’s levels, the range of values goes from -4 to
26 %, but only the largest increases are statistically significant. However, when the change in
population according to SSP5 is also taken into account, all values become positive, greater
and most of them statistically significant. Reductions in the probability of a damaging event
can be found when considering the SSP3. This is due to the decrease in population that this
scenario shows for both study areas by the end of the 21st century.

Overall, our results highlight the need for limiting the global warming as much as possible,
as well as the importance of including variables that consider change in both climate and
socioeconomic conditions in the analysis of flood damage. The general increase found in the

probability of a damaging event should be taken into account in flood management strategies.
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9.3 Overall conclusions

The framework presented here could be applied to other geographic regions. For this reason,
here is a summary of the main lessons learnt from a scientific and a methodological point of

view.

e Precipitation is the most important predictor for the probability of a damaging
event. We have shown that precipitation is a key factor in explaining the damage caused
by flood events in regions in which surface water floods are the main type of flood, as is

the case in the Mediterranean region of study.

e Insurance data can be used as a proxy for describing flood damage. Our findings
align with the results of previous studies and further indicate that insurance databases
are a promising source of information for flood damage assessment at local and regional

scale.

e Importance of considering exposure variables in flood damage analysis. Our
results have highlighted the importance of considering variables that take into account the
exposure of the territory in flood damage analysis. As has been shown in both present and

future climate analyses, population is a key exposure variable to explain flood damage.

e Generalized linear mixed models are better to study the relationship between
causes of floods and their damage than logistic regression models. We have
shown that GLMMs are the best tool out of the ones tested in this thesis for analysing
non-normal data that involve random effects, as is the case that concern the present study.

This methodology could be applied in other regions and fields.

e Increases in extreme precipitation events are projected. Although total annual
precipitation is expected to decrease with global warming, increases in extreme precipi-
tation have been found in the regions of study, mainly in Catalonia and during autumn
and winter seasons. This has been observed with the increase in the number of days with
daily precipitation exceeding 40 mm, the maximum precipitation recorded in 1 day and

the maximum consecutive 5-day precipitation indices.

e Increase in the probability of a damaging flood event with global warming.
Our analyses have shown a general and marked increase in the probability of a damaging
event with global warming when considering the RCP 8.5 climate change scenario and
the SSP5 socioeconomic scenario. The SSP5 scenario assumes a society that keeps relying
heavily on fossil fuels and, therefore, high emissions are expected. However, an increase
in the probability of a damaging event is expected in almost all scenarios, pointing out
that even with lower exposure than in the SSP5 scenario, increases in flood damage are

possible.

e The need for limiting the global warming as much as possible. We have shown

that the probability of a damaging flood event is likely to become higher when greater
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warming is considered. Therefore, our results support the statement of the Paris Agree-
ment that reports that limiting the temperature increase to 1.5 °C would "significantly

reduce the risks and impacts of climate change".

9.4 Future research

The development of this PhD thesis has risen several questions that require further analysis

and research. Here we list some areas of study where we could be involved in the near future.

e Taking into account other variables. It should be noted that flood risk analysis
is very complex and needs to be treated from a holistic perspective using techniques
that take into account all the factors involved, both those related to the hazard of the
phenomenon and those related to exposure of the territory. In this study only precipitation
and population were taken into account for the future projections, and although the results
show a good performance of the model for simulating the probability of a damaging event,
other variables such as soil physical conditions, preventive or adaptation measures should
be considered. For instance, in Garrote et al. (2016) different simulation scenarios were
defined considering the modifications to the terrain due to the construction of fluvial
defence structures in the area. Future research should focus on incorporating further

variables into the model to reproduce the complexity of flood risk.

e Higher spatial resolution. The river-basin-scale is the spatial resolution selected in
this thesis. Although the results are promising, future research should be focused on
working in higher spatial resolution to better reproduce the different characteristics of

the territory. For instance, sub-basins could be chosen to achieve this goal.

e Sub-daily precipitation extremes. The future projections used in this PhD focus
only on daily precipitation data, while our results as well as other studies point out the
possible better relationship found between sub-daily data and insurance data in the case
of surface water floods (Spekkers et al., 2013; Torgersen et al., 2015; Cortés et al., 2018).
Nevertheless, the analysis of sub-daily extremes would require convection-permitting re-
gional climate models (Tramblay and Somot, 2018), and studies such as Beranova et al.
(2018) have shown that convection is not captured realistically by currently available mod-
els. Therefore, projected changes of sub-daily precipitation extremes in climate change

scenarios based on RCMs need to be interpreted with caution (Beranova et al., 2018).

e Spatial resolution of precipitation projections. Finer spatial resolutions of precip-
itation projections are needed to observe the intraregional climate heterogeneities and to

be able to analyse which areas will be more vulnerable to flooding.

e Indirect and non-tangible damages. As previously discussed in Section 2.1 of Chapter
2, indirect and non-tangible damages have an important role in the assessment of the

consequences of flood events. For this reason, an effort has to be made to incorporate

139



9. Conclusions and future research lines

these damages in flood damage analysis, as these are crucial for evaluating the full impacts

caused by natural hazards (Petrucci, 2013).
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Appendix A

Supplementary material

A.1 Percentiles of damage

Table A.1: Damage percentiles for all the damage indicators and for the 10 mm 30 min™! and 20 mm
maximum precipitation thresholds for the MAB. Damage (D) is in Euro, damage per capita

30 min~

1

’ Percentile\ Damage \ 10 mm 20 mm
50 D 202,262.16 355,630.44
DPC 0.06 0.11
DPW 2.16 3.95
60 D 315,590.67 440,467.02
DPC 0.11 0.14
DPW 3.41 5.07
70 D 441,492.99 | 1,822,938.94
DPC 0.14 0.59
DPW 5.15 17.78
80 D 1,437,832.00 | 2,704,309.59
DPC 0.47 0.85
DPW 13.87 27.56
90 D 2,922,536.83 | 7,382,754.22
DPC 0.91 2.45
DPW 27.86 72.36

(DPC) in Euro/population and damage per wealth (DPW) in Euro/GDP
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| Percentile| Damage | 40mm [ 60 mm |
50 D 77,833.72 94,500.50
DPC 0.39 0.47
DPW 15.27 21.17
60 D 149,687.23 | 197,795.55
DPC 0.65 0.91
DPW 27.87 44.22
70 D 248,533.86 | 316,668.04
DPC 1.24 1.99
DPW 61.45 80.98
80 D 571,983.55 | 816,655.06
DPC 3.16 4.17
DPW 124.73 167.36
9% | D 1,695,150.48| 2,371,528.42
DPC 7.88 12.69
DPW 320.56 500.63

Table A.2: Damage percentiles for all the damage indicators and for the 40 mm 24 h™! and 60 mm
24 h'! maximum precipitation thresholds for Catalonia. Damage (D) is in Euro, damage per capita

(DPC) in Euro/population and damage per wealth (DPW) in Euro/GDP

’ Percentile\ 10 mm \ 20 mm ‘
10 4,581.54 10,296.69
20 14,476.20 26,514.51
30 26,672.91 42,718.20
40 41,156.86 76,824.03
50 71,921.65 158,341.36
60 148,399.54 244.628.30
70 246,944.33 462,475.61
80 493,188.97 | 1,019,639.01
90 1,564,323.60 | 2,325,633.14

1

Table A.3: Damage percentiles (Euro) for the 10 mm 30 min™' and 20 mm 30 min™! maximum precip-

itation thresholds for Catalonia

| Percentile] 40 mm |

10 5,617.39

20 16,161.94

30 34,194.49
40 54,945.92
50 92,555.52

60 198,602.47
70 383,686.33
80 1,074,080.45
90 | 2,816,026.41

Table A.4: Damage percentiles (Euro) for the 40 mm 24 h™! mean precipitation threshold for Catalonia
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| Percentile] 40 mm |

10 50,113.71

20 214,678.12

30 357.659,.37
40 525,308.11

50 912,611.25
60 3.307,346.78
70 1.815,035.78
80 9,240,004.16
90 19,696,723.69

Table A.5: Damage percentiles (Euro) for the 40 mm 24 h™! mean precipitation threshold for the
Valencian Community

A.2 Codes of the basins

Po

&
1004 V""

Figure A.1: Codes of the basins of Catalonia
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| Code [ Name of the basin

6 El Daré6

19 Riera de Riudecanyes
50 La Tordera

60 El Besos

70 El Foix

80 El Francoli

90 Eth Garona

100 El Ter

200 El Llobregat

300 El Segre

400 L’Ebre

500 Rieres Costa Brava Nord

600 Rieres Costa Brava Centre

618 Rieres Costa Brava Sud

700 Rieres del Maresme

774 Torrents de I’Area Metropolitana de Barcelona
789 Rieres litorals Llobregat

800 Rieres del Garraf

833 Rieres Tarragona Nord

900 Rieres Tarragona Sud

913 Rieres Meridionals de Tarragona

944 Rieres litorals Ebre Nord

1001 El Tec; Rieres litorals Muga; La Muga
1002 Rieres litorals Fluvia; El Fluvia

1003 | El Gaia; Rieres Tarragona Centre
1004 La Sénia; Rieres litorals Ebre Sud

Table A.6: Corresponding names of the codes of the basins of Catalonia region
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Figure A.2: Codes of the basins of the Valencian Community

| Code | Name of the basin ‘

10 Vinalop-Alacant

15 Marina Baixa

20 Ebre

22 Marina Alta

30 Segura

32 Serpis

128 Jucar

168 Palancia-Los Valles

170 Mijares-Plana de Castell6
204 Cenia-Maestrazgo

Table A.7: Corresponding names of the codes of the basins of the Valencian Community region
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1 Introduction

Floods are the most dangerous natural hazard in the world, and the risk of floods would
increase in a warmer climate, according to the most recent regional and global projections
(IPCC 2012; Hirabayashi et al. 2013). Consequently, improving mitigation and adaptation
strategies to cope with floods has become a strategic topic in national (e.g. the Spanish
project HOPE, HOlistic analysis of the impact of heavy PrEcipitations and floods and their
introduction in future scenarios. Application to adaptation and resilience strategies) and
international (e.g. HyMeX: HYdrological cycle in the Mediterranean EXperiment)
(Drobinski et al. 2014) climate programmes, and they are a priority in most government
agendas (Alfieri et al. 2016).

Yet there are still many uncertainties in characterising the present and future evolution
of floods. Recent reports from the IPCC (2012, 2014) still show significant uncertainty
associated with future projections of extreme precipitation (Turco et al. 2017), and the
uncertainties are even greater when considering floods and interaction with society in the
context of increased vulnerability. The impacts are exacerbated by the increase in popu-
lation and in vulnerability, especially in cities where there is already pressure from humans
(Ceola et al. 2014). This is the case in the Mediterranean region, where the population is
concentrated on the coast, often in areas exposed to natural hazards (Eurostat 2016).

More than 250 events causing floods, flash floods and urban floods have been recorded
in Catalonia (Northeast Spain) between 1981 and 2015. The Spanish public reinsurer, the
“Insurance Compensation Consortium” (CCS), has paid more than €430 million in
compensation for flooding during the available period of insurance data, 1996-2015. To
this amount, we must also add the loss of profits and damages to population, as well as all
the compensation provided by insurance companies for damages not accepted by the CCS.
The coastal zone has the highest number of episodes (70%), due to highly localised
convective rainfall events (Llasat et al. 2016; Gascon et al. 2016). Approximately one-third
of the episodes affected the regions of Maresme, Barcelones and Baix Llobregat, which
belong, totally or partially, to the Metropolitan Area of Barcelona (MAB). This is an area
with significant exposure and vulnerability due to the high population density and con-
centration of infrastructures (Llasat et al. 2014a). The problem will worsen considering that
70% of the population will be concentrated in coastal cities by 2050, according to Benoit
and Comeau (2005). In other words, the MAB constitutes a good example of a Mediter-
ranean coastal region, with significant urbanisation of flood-prone areas and a high pop-
ulation density in an area crossed by numerous streams.

Several studies have analysed extreme climate and weather events affecting the region
of Barcelona (Turco et al. 2014; Llasat et al. 2014b) and the evolution of floods in
Catalonia, also considering the evolution of floods over the last six centuries (Barrera-
Escoda and Llasat 2015) and over the recent period of 1981-2010 (Llasat et al.
2014a, 2016). For both periods, the extraordinary events show a positive trend, probably
linked to land use changes and an increase in assets and dwellings in flood-prone areas,
leading to an increased flood risk.

However, there is still little known about flood evolution in Mediterranean urban areas,
combining drivers and consequences (Faccini et al. 2015). That is, the analysis of flood risk
is very complex and needs to be dealt with from a holistic perspective using techniques that
take into account all the factors involved, both those related to the dangerous nature of the
phenomenon, those related to vulnerability and exposure and those related to the impacts
(Llasat et al. 2009; Bloschl et al. 2013; Nakamura and Llasat 2017). Most studies analyse
the risk of flooding from a top-down perspective, that is, from the nature of the
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phenomenon while leaving aside other factors. According to Merz et al. (2010), the
analysis of flood risk continues to be very unbalanced since, in comparison, much more
attention is paid to the dangerousness of the phenomenon than to the impacts it produces.
This is why progress is currently being made to incorporate impacts, exposure and vul-
nerability in the analysis, although limited data (e.g. availability and temporal coverage)
make this challenging (Terti et al. 2015; Karagiorgos et al. 2016; Bodoque et al. 2016).

An approach that addresses the study of floods starting from impacts is called bottom-up
(Garcia et al. 2014) and starts on a local scale of individuals, households and communities,
exploring the factors and conditions that enable them to successfully cope with hydrological
extremes (Wilby and Dessai 2010). This would be the case for studies carried out in relation
to the catastrophic flood episode of 2013 that affected much of Central Europe, which on the
one hand analyse the hydrometeorological factors that caused the episode (Schroter et al.
2015) and on the other hand analyse the impacts produced (Thieken et al. 2016).

Merz et al. (2010) emphasised the importance of flood risk characterisation from a
holistic and multidisciplinary perspective that integrates both approaches. An example of
this integrated approach is the studies by Amaro et al. (2010) and Barberia et al. (2014) in
which factors related to dangerousness, vulnerability and exposure are combined to
develop social impact indexes. They present the challenge of identifying and improving the
assessment of non-hazardous factors (non-climatic factors) and their role in the impact of
flood events as indicated by Hall et al. (2014). That is, the key point of these types of
analysis is to identify the key factors to be considered when improving strategies for
adaptation and mitigation.

In this article, we study the evolution of the flood risk in a densely populated area, the
MAB, by analysing the different factors related to the hazard, vulnerability and exposure
involved, as well as the damages caused. To this end, we first analyse the evolution of flood
episodes recorded in the MAB from 1981 to 2015 and the impacts caused. Then, we
analyse the changes in land use, runoff, population and precipitation extremes in the MAB
and their potential relationship with floods. Also, we analyse the link between damages and
precipitation over 1996-2015 period, for which CCS data are available. The paper ends
with some key conclusions and recommendations.

2 Region of study

Catalonia (Fig. 1a) is located in the northwest coast of the Mediterranean Sea. It covers an
area of 31,895 km? (6.3% of Spain) and has an official population of 7,522,596 (IDESCAT
2016). The zone selected was the Metropolitan Area of Barcelona (MAB), made up of
Barcelona and 35 adjacent municipalities around the city. This urban and peri-urban area
has a surface of 636 km?” and a population of 3,239,337. The larger part of the population is
concentrated in the municipality of Barcelona (1,608,746 people), located between the
Besos River and the Llobregat River, the Littoral Range and the Mediterranean Sea
(Fig. 1b). Although both rivers have experienced catastrophic flood events (e.g. September
1971) with return periods higher than 100 years, minor flood events occur frequently
(every year) as a consequence of convective and local precipitation mainly recorded in late
summer and autumn (Llasat et al. 2013; del Moral et al. 2016). Their main impacts are the
consequence of drainage and runoff problems and can affect both urban and rural areas.
In the MAB, a total of 109 flood events have been registered for the 1981-2015 period,
eight of them causing catastrophic impacts in the region. Most of the catastrophic flood
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Fig. 1 a Location of Metropolitan Area of Barcelona in Catalonia; b map of the Metropolitan Area of
Barcelona showing its municipalities, the Sant Joan Despi gauging station and the weather stations (/ Fabra
observatory; 2 International Airport of Barcelona). The Besos River (the northern part) and the Llobregat
River (the southern part) are also shown (in blue colour)

events that affected Barcelona occurred in the ‘1980s and ‘1990s, which led to the proposal
and construction of the rainwater tanks in the city. On the other hand, due to the con-
struction of the International Airport of Barcelona, the stream of the Llobregat River was
altered (Fig. 2), and the Besos River was channelled and modified near its mouth in order
to avoid floods and built a fluvial park. A surveillance system was installed in order to warn
the population in the case of possible floods.

3 Data sources

The analysis uses the INUNGAMA database, which contains more than 200 flood events
for all Catalonia for the period 1981-2010 (Barnolas and Llasat 2007; Llasat et al. 2014a)
and which was updated until 2015 for this study. The analysis also includes the PRESS-
GAMA database, which contains more than 15,000 news items on natural hazards and
climate change published in the newspaper La Vanguardia (Llasat et al. 2009), and updated
to cover the period 1981-2015. Information regarding the economic damage caused by
floods was provided by the state insurance company “Consorcio de Compensacion de
Seguros”, or CCS, a Spanish national reinsurance company that provides cover for losses
caused by significant risks, when covered by the relevant insurance policy. These data are
available on a municipal scale for the 1996-2015 period.

Changes in land cover were analysed through the Land Use Maps of Catalonia, drawn
up by the Ecological and Forestry Applications Research Centre (Centre de Recerca
Ecologica I Aplicacions Forestals, CREAF) for the available editions (1956, 1993,
20002002, 2005-2007 and 2009). Runoff coefficients for different land uses were taken
from Chow et al. (1988). Population density since 1950 was provided by the Statistical
Institute of Catalonia (Institut d’Estadistica de Catalunya, IDESCAT). All the cartographic
databases were analysed with Arc-Info GIS.

The rainfall data consist of: maps of daily expected precipitation for different return
periods in Catalonia (Casas-Castillo et al. 2005); daily rainfall data from the Fabra
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d  LCLU-II1(2005-2007)

CATEGORIES

Wet
High perviousness

Moderate perviousness

Low perviousness

- *’;’\& N/ Low imperviousness

Moderate imperviousness

High imperviousness

€ LCLU-IV(2009)

Fig. 2 Comparison between the impervious/pervious maps based on the five different LCLU maps
considering 7 categories: a LCLU (1956); b LCLU-I (1993); ¢ LCLU-II (200-2002); d LCLU-III
(2005-2007); e LCLU-IV (2009)

Observatory (414 MASL) available since 1913, and from the International Airport of
Barcelona (El Prat de Llobregat) since 1961 (4 MASL; Fig. 1); and daily precipitation
fields for specific events provided by the Meteorological Service of Catalonia (Servei
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Meteorologic de Catalunya, SMC) and the State Meteorological Agency of Spain (Agencia
Estatal de Meteorologia, AEMET). Information related to rainwater tanks was provided by
the Barcelona Water Cycle (Barcelona Cicle de I’Aigua, BCASA).

Finally, the cartography with the fluvial network and hazard maps was provided by the
Catalan Water Agency (Ageéncia Catalana de I’Aigua, ACA) and also shows the flow data
for the Sant Joan Despi station (Llobregat River).

4 Methodology
4.1 Flood event classification
Flood events have been classified according to their impact (Barriendos et al. 2003; Llasat

et al. 2005; Barrera-Escoda et al. 2006; Llasat et al. 2014a). In order to be more specific,
we have suggested some indicators, shown in Table 1. This classification allows us to

Table 1 Indicators to determine the impact of each flood event

Indicator Definition Catastrophic event  Extraordinary event Ordinary event
Public buildings  City hall, hospital, Total destruction or  Partial destruction Flooded,
school, church, collapse or structural habitable
emergency centres, damage
police station, etc.
Private houses Houses with one or Total destruction or  Partial destruction Flooded,
more floors, collapse or structural habitable
basements, etc. damage
Bridges Bridges, footbridges Destroyed, unusable Structural damage,  Usable
unusable bridges
or damage to
footbridges
Hydraulic Mills, irrigation Destroyed Medium damage Minor damage
infrastructures channels
Roads Railway, highway, state Partially destroyed, Flooded, closed for Flooded, closed
road, country road, one or more >12h between 0 and
regional road, stretches of the 12 h or not
municipal road road damaged closed
Services Gas, electricity, Destruction and/or Closed between 6 Closed for <6 h
telephone lines, water closure of and 24 h
infrastructures for
>24 h
Productive Industry, agriculture Interruption of Interruption of Loss of
activities and livestock, production and production and products
commerce, touristic loss of the loss of products
infrastructures production system
Cars Cars washed away or 20 or more washed Between 5 and 19  Between 1| and
damaged by water away washed away 4 damaged
and/or washed
away
Deaths No. of people dead 10 or more Between 5 and 9 Between 1 and
4
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distinguish between three categories: (a) ordinary flood events (rivers or streams not
overflowing; floods in restricted areas; minor damages, damage to hydraulic infrastructure
or cars parked in the temporary flow of the torrential channel; flooded car parks, basements
or ground floors; disturbances to daily activities); (b) extraordinary flood events (over-
flowing rivers or streams; some streets or other urban places flooded; damages or partial
destruction of structures near the stream or river, damage to street furniture or cars;
inconveniences in the daily life of the population); and (c) catastrophic flood events
(overflowing riverbanks; extensive flooded areas; total destruction or serious damage to
hydraulic infrastructures (e.g. bridges), buildings, crops, road infrastructures and private
assets). In this paper, the classification was applied on four levels: first, with regard to the
impact throughout Catalonia as a whole; second, according to the impact in the MAB;
third, in the MAB without taking into account Barcelona; and fourth, in the Barcelona
municipality.

4.2 Land cover evolution

The available maps (Table 2) have been homogenised following the characteristics of the
first edition of the Land Cover and Land Use map (LCLU-I). The oldest edition of the
LCLU was based on American flight photographs made in 1956 over the Barcelona
Province. It was recently processed and for this reason includes 241 categories like the
later editions. LCLU-1956, LCLU-III and LCLU-IV use a hierarchical legend with 5 levels
of categories. In order to compare the different time editions and analyse the evolution of
land use, all the maps have been homogenised in a common resolution of 2.5 m x 2.5 m
and have been classified using 24 categories as used in LCLU-IL.

Taking into account the heterogeneity of the region and its hydraulic features, a
streamlined method has been applied to estimate the runoff, based on the application of the
runoff coefficients proposed by Chow et al. (1988) for different return periods. Taking into
account that the average slope in the MAB is between 2 and 7%, we considered that runoff
coefficients only depend on the return period (Table 3). The 24 initial categories of the
LCLU have been merged into 7 categories according to land permeability, in order to avoid
the dispersal that excess categories would cause.

Each layer has been classified in a category with an assigned runoff coefficient. All this
information has been aggregated on a municipal scale as the average of all the pixels.
Consequently, each municipality is characterised by the previously selected return periods
and a runoff coefficient, calculated using the average of all the pixels included in it.
Although it only provides an approximate runoff, this approach is typical in urban public
works and helps to improve estimates for running or accumulated water that can affect

Table 2 Features of the LCLU (land cover and land use maps of Catalonia) for each edition

Edition LCLU-1956 LCLU-I LCLU-II LCLU-III LCLU-IV
Year 1956 1993 2000-2002 2005-2007 2009
Orthophotos scale 1:25,000 1:25,000 1:5000 1:5000 1:2500
Resolution (pixel) 25m 25m 0.5m 05m 025 m
Working scale 1:3000 1:3000 1:1500 1:1500 1:1000
Categories 241 24 61 241 241
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Table 3 Runoff coefficients for each category and return period (Chow et al. 1988)

Runoff coefficients LCLU categories

Permeability Return periods
categories

2 5 10 25 50 100 500

Lakes 0 0 0 0 0 0 0 Wetlands, beaches, water, canals and
ponds, urban ponds
High 0.31 034 036 040 043 047 0.57 Forest (dense, not dense, riverside)
perviousness
Moderate 033 036 038 042 045 049 0.58 Meadows, bushes
perviousness
Low 0.35 038 041 044 048 0.51 0.6  Crops, populus and platanus
perviousness plantations
Low 0.35 039 041 045 048 0.52 0.58 Recent reforestation, burned areas,
imperviousness forest tracks and firebreaks
Moderate 040 043 045 049 052 0.55 0.62 Vacant lots, sport and recreational
imperviousness areas
High 0.74 0.78 0.82 087 091 096 1 Scree slopes, snowdrifts and glaciers,
imperviousness urban areas, roads and train tracks,
mines

exposed assets and the population in general. The advantage is that it can be used in
regional analysis.

Following this methodology, the return periods for rainfall have also been obtained on a
municipal scale from the maps of maximum daily precipitation expected in Catalonia for
different return periods (Casas-Castillo et al. 2005). The return period corresponding to the
flow for each specific flood event has been calculated through GEV (generalised extreme
values) with a regional value of L-coefficient of skewness (Mediero et al. 2010).

4.3 Flood and rainfall analysis

In order to analyse the flood and rainfall evolution, we carried out analysis on trend
significance using the Mann—Kendall test (Mann 1945; Kendall 1975), with a threshold of
significance established at 95 and 90% (p value <0.05 and p value <0.1, respectively). For
flood events, we studied the annual evolution of the total number of floods as well as the
floods in different categories (ordinary, extraordinary and catastrophic) for the period
1981-2015. Furthermore, a monthly and seasonal analysis was carried out.

To analyse the specific case of the city of Barcelona and the impact of the preventive
measures taken in the city on flood evolution, a study was carried out for three different
scenarios: MAB, Barcelona and MAB without Barcelona. For precipitation data, we used
the values recorded in 24 h as well as the rainfall accumulation for the whole episode
(obtained from AEMET stations). In order to analyse the data in a comparable way, we
considered a subset of the “moderate and extreme” precipitation indices defined by the
World Meteorological Organization (WMO 2009) CC1/CLIVAR/JCOMM Expert Team
on Climate Change Detection and Indices (ETCCDI). More specifically, the chosen subsets
of indices (Table 4) summarise the behaviour of precipitation, describing some standard
indices such as the total precipitation (PRCPTOT) and precipitation intensity (SDII), as
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Table 4 Selected ETCDDI

indices ETCCDI Description
PRCPTOT Total precipitation
SDII Mean precipitation amount per rainfall day
RX1DAY Maximum precipitation in one day
RX5DAY Maximum accumulated precipitation in 5 days

well as two extreme indices related to critical consequences, such as the highest precipi-
tation amount over a 1- or 5-day period (RX1DAY and RX5DAY, respectively).

The comparison between flood events and their drivers was made considering the
periods 1981-1996, 1996-2015 and 1981-2015, given that CCS data are only available for
the 1996-2015 period. For each of these periods, we calculated the trend in the number of
total events, the trend according to flood impact categories and the trend for maximum
precipitation recorded in 1 day (RX1DAY) for both the Fabra and Airport observatories.
To calculate the changes in land use while taking into account the land permeability
categories, the LCLU-1956 map was considered to represent the starting point. Attending
that there is not any new information about land uses changes until 1993, the percentage of
impervious surface in the MAB in 1981 was interpolated from LCLU-1956 and LCLU-
1993 maps. The LCLU-1993 was considered as representative for the 1996 land use
coverage, and the LCLU-2009 map shows 2015 coverage.

In order to carry out a more detailed analysis, we selected 10 extraordinary and 3
catastrophic flood episodes in the MAB between 1996 and 2015, considering their indi-
vidual impact in each one of the 36 municipalities. Table 5 shows the episodes studied
along with their start/end dates and their category (according to their impact). For each
episode, the average precipitation values on a municipal level were obtained through
ordinary Kriging with ArcGIS. In order to obtain the daily runoff values, the runoff
coefficient on a municipal level (the average from the runoff categories for the different
pixels) was multiplied by the accumulated daily precipitation. The correlation analysis was
achieved using the Spearman test, and the results are discussed in Sect. 5.6.

Table 5 Flood events recorded Start dat End dat Event cat
in the MAB when CCS data is art date né date vent category

available (1996-2015)

02/12/1998 04/12/1998 Extraordinary
03/09/1999 04/09/1999 Extraordinary
13/09/1999 15/09/1999 Extraordinary
10/06/2000 12/06/2000 Extraordinary
31/07/2002 02/08/2002 Extraordinary
10/08/2002 11/08/2002 Extraordinary
12/09/2002 14/09/2002 Extraordinary
08/10/2002 11/10/2002 Catastrophic

05/09/2005 09/09/2005 Catastrophic

12/09/2006 15/09/2006 Catastrophic

22/10/2009 23/10/2009 Extraordinary
30/07/2011 31/07/2011 Extraordinary
28/09/2014 01/10/2014 Extraordinary
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4.4 The evolution of Societal Impact

The social impact analysis was carried out using the compensation provided for flood
damages as registered in the CCS dataset. These data have the advantage that is taken
directly from a municipal level, spanning the period from 1996 to 2015. However, working
with a damage cost time series involves taking into account changes in living standards, as
well as the different economic trends applied to insured assets (Barredo et al. 2012). Thus,
we updated the currency to transfer the damage values to euros, taking the year 2015 as our
reference point (Instituto Nacional de Estadistica, INE). We considered the compensation
paid by the CCS during the flooding episodes and, also, during the following 7 days after
their conclusion (this is the period accepted by the CCS to report flood-related losses). The
variables used were: total damages, the ratio of total damages/population density and the
ratio between total damages and population. The temporal evolution of the compensations
paid by CCS was also analysed, along with the correlation between damages/precipitation
and damages/runoff for the 13 specific cases.

S Results and discussion
5.1 Influence of land use changes in runoff

The comparison between the impervious/pervious maps based on LCLU maps shows how
the majority of the agricultural soil (low perviousness) has been substituted by urban
surfaces (high imperviousness) between the first (1956) and the last map (2009; Fig. 2).
There is not so much change in this period in the area covered by forests (approximately,
25%), which mainly corresponds to the Tibidabo Mountain, with a maximum altitude of
505 m. Instead, the agricultural area has diminished around 80% between 1956 and 2009,
being replaced by urban surfaces and the road network (increase of more than 225%).
However, the difference between 1993 and 2009 is lower, with a decrease in the agri-
cultural area near 47% and an increase in the urban surfaces and the road network around
20%. Consequently, the urban surfaces and impermeable soil have not increased so sig-
nificantly over the last few years and have only gone from 36.5% coverage in 1993 to
43.4% in 2009.

For the 1950-2015 period, the population has increased from 1,555,236 to 3,213,775
inhabitants. The population peak in the MAB was recorded in the ‘1980s and afterwards
began to decline until the currently situation. This changing point does not match with the
general trend in Catalonia or in Spain, which recorded a maximum at the end of the first
decade of the twenty-first century. The major housing price increases in the MAB, and the
economic crisis are the main explanations for these turning points, as well as negative
trends in population growth.

Figure 3 shows the runoff changes for a 24-h rainfall return period over 100 years for
the different LCLU maps. As expected, there is an increase in average runoff for all
municipalities, due to the increase in impermeable soil (a feature that can be already
observed in Fig. 2). In most municipalities (67%) between 1956 and 2009, there was an
increase in runoff of over 20%, with an average of 30% for the MAB. In Barcelona, the
runoff increase stands at 19% for this period (without considering the improvements in
sewerage systems and flood prevention infrastructures that were introduced in the ‘1990s).
Figure 4 shows the evolution of the average runoff in the MAB and Barcelona, along with
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Fig. 3 Mean runoff on a municipal level for a return period showing daily precipitation over 100 years,
taking into account the runoff coefficients in Table 3: a LCLU (1956); b LCLU-I (1993); ¢ LCLU-II
(2000-2002); d LCLU-III (2005-2007); e LCLU-IV (2009)

the installation of the first rainwater tank. This figure brings together the major changes
that occurred between 1956 and 1993 due to the significant industrialisation of the region,
which was the location of the majority of the textile industry in Spain during this period.

5.2 Rainfall evolution

Figure 5 and Table 6 shows the evolution of the selected ETCDDI indices for the rainfall
measured in the Fabra Observatory. Although all the series show a negative trend for the
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Fig. 4 The evolution of the mean runoff in the MAB and Barcelona for a return period of 100 years, based
on the five different LCLU maps. The date of construction of the first rainwater tank in Barcelona is also
shown

1981-2015 period, they are not statistically significant at 95 or 90%. On the other hand, the
PCRPTOT, SDII and RX5DAY indices show a significant negative trend (p value <0.1) at
the Airport weather station. This heterogeneity is normal for the region as shown in the last
report on Climate Change in Catalonia (Martin Vide et al. 2016).

5.3 Flood evolution

MAB has been affected by 109 flood events in the period 1981-2015, concentrated in the
coastal municipalities and in the Llobregat River axis (Barcelona recorded the most flood
events at 73 events, followed by Castelldefels, near the Airport, with 24 events). Of the 109
events, 19 caused catastrophic impacts in Catalonia and 50% also produced catastrophic
damages in the MAB. As a consequence of these floods, 11 people lost their lives: 5 deaths
were caused by ordinary events; 1 by extraordinary events; and 5 by catastrophic events.

The monthly evolution of flood events shows maximum levels between August and
October, with a peak in September that records 29% of the total; 26% were extraordinary
events, and 13% were catastrophic events. Usually these are local flash floods and urban
floods associated with heavy and short rainfall events (Llasat et al. 2016). In Barcelona,
theses values decreased from 23 and 9%, respectively. This means that 68% of the events
are considered ordinary events, suggesting the positive role played by rainwater tanks in
reducing high-impact flood events.

Figure 6 shows the evolution of flood episodes in the MAB for the 1981-2015 period.
The trends for the three categories are generally negative, although none of them are
statistically significant (p < 0.05). On the other hand, a positive trend of total events (0.08
events/decade) was shown for September, although it is not significant at 90%. The
detailed analysis of both the MAB series with and without Barcelona shows that this
negative trend is a consequence of the strong weight of the Barcelona municipality. In
effect, although the MAB series without Barcelona shows a positive but not a significant
trend, the flood evolution in Barcelona shows a negative and significant trend (Table 7).
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Fig. 5 Evolution of the ETCCDI indices (as given in Table 4) for the Fabra station: a PRCPTOT index
(mm); b SDII (mm/day); ¢ RXIDAY (mm/day); RX5DAY (mm/5 days)

This fact is consistent with the efficiency of drainage infrastructures in reducing and
mitigating the flood impact of high-intensity events and the amount of precipitation in the
city (Barrera-Escoda et al. 2006). The drainage network together with the rainwater tanks
and the warning system for the Besos River meant that Barcelona received acknowl-
edgement from UNISDR (United Nations International Strategy for Disaster Reduction) as
a model city for urban resilience to floods (UNISDR 2015b).

5.4 Damage evolution

Figure 7 shows the annual changes in compensation for floods paid by the CCS in the
MAB between 1996 and 2015, as well as the total number of recorded flood episodes for
this period. The compensation paid by the CCS shows significant variability from 1 year to
another, and no trends were found. For instance, in 1999 nearly €34.8 million was paid as a
consequence of two events, when the annual average is €4.3 million. In 2002, there were a
total of 5 episodes, one of which was catastrophic and 3 of which were extraordinary, with
a total amount of €26.6 million. The total amount paid by the CCS due to floods produced

160 @ Springer



Nat Hazards

Table 6 Trend analysis results

for ETCCDI indices for the Air- PRCPTOT  SDII RXIDAY RXSDAY
port and Fabra weather stations .
Airport
Trend (unit/year) —5.44%%* —0.08*  —0.60 —2.08*
Fabra
Trend (unit/year) —2.74 —0.02 —0.20 —1.38
* p value <0.1; ** p value <0.05
9
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Fig. 6 Number of flood events in the MAB (1981-2015), according to their impact category

Table 7 Trend analysis result for the number of flood events in the MAB, Barcelona and the MAB without

Barcelona
Total Ordinary Extraordinary Catastrophic

Metropolitan Area of Barcelona

Trend (unit/decade) —0.10 0.15 —0.15 —0.10
Barcelona

Trend (unit/decade) —0.18 0.11 —0.20%* —0.08*
Metropolitan Area of Barcelona without Barcelona

Trend (unit/decade) —0.13 —0.01 —0.03 —0.09

* p value <0.1; ** p value <0.05

in MAB between 1996 and 2015 is €86.3 million. The municipality of Barcelona has the
maximum record with €24 million. There is a strong inter-annual variability for the number
of annual news items published in La Vanguardia, which recorded 43 news items on floods
produced in the MAB for the year 1999. During 13-14 September of 1999, an extraor-
dinary flood event took place as a consequence of a heavy precipitation that produced more
than 43 mm in 30 min, and a maximum flow of the Llobregat River (at the Sant Joan Despi
gauge) of 197.3 m?/s (the average is around 20 m’/s) corresponding to a return period of
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Fig. 7 Evolution of the compensation paid by CCS for floods (/ine) and the total number of flood events in
the MAB

2.2 years. Despite the strong variability, a positive correlation of 0.43 (significant at 90%)
was observed between the annual number of episodes and annual damages.

5.5 Floods versus land cover and rainfall

In this section, we carried out an analysis of different time periods to look for the potential
relationships between flood episodes and the factors that produce them. The results
obtained are shown in Table 8. There are no significant changes in either the number of
flood episodes or the maximum 1-day precipitation (RX1DAY) for any period
(1981-2015; 1981-1996; 1996-2015). In the 1981-1996 period, there is a positive trend in
the number of flood events, although it is not statistically significant. This positive trend
would be due to the increase in ordinary floods. This could be mainly related to the urban
development in this period (25.81% of new impervious surfaces) and the increase in the
maximum precipitation registered in a single day (Table 8). Conversely, for the 1996-2015

Table 8 Flood events, imperviousness and RX1DAY for different periods

Period Flood evolution trend in MAB Increase high RX1DAY trend
(No/decade) imperviousness land (mm/year)
cover MAB (%)
TOT ORD EXT CAT Airport Fabra
1981-1996 1.40 1.56 0.06 —-0.22 25.82 1.38 1.08
1996-2015 —1.10 —0.66 —0.38 —0.05 19.56 —-0.47 —-0.24
1981-2015 —0.10 0.15 —0.15 —0.10 50.42 —0.60 —-0.20

* p value <0.1; ** p value <0.05
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Table 9 Correlation values between damage (CCS), precipitation and runoff for catastrophic flood events
for the 1996-2015 period (with available CCS data)

Total damage Damage/ Damage/
(millions of €) population density population
(€/inhab km™?) (€/inhab)
Precipitation 24 h (mm) 0.19%* 0.22%%* 0.26%*
Precipitation 24 h (mm) with T >2 years 0.33%* 0.36%* 0.46%*
Accumulated precipitation (mm) 0.23%* 0.23%* 0.29%*
Accumulated precipitation >100 mm (mm) 0.35%* 0.40%* 0.50%*
Runoff 24 h (mm) 0.29+* 0.22%%* 0.27**
Runoff 24 h (mm) for precipitation 0.57** 0.38%* 0.50%*
in 24 h with T >2 years
Estimated runoff (mm) for 0.41%* 0.27%* 0.35%*
accumulated precipitation
Estimated runoff (mm) for 0.60** 0.44%*%* 0.55%*

accumulated precipitation >100 mm

The best results are in bold
* p value <0.1; ** p value <0.05

period, although there was an increase in impermeable surfaces (around 20%), there was a
decrease in the number of flooding episodes, as well as in extreme precipitation. For the
1981-2015 period, the increase in impermeable surfaces was significant (more than 50%),
which caused an increase in average runoff (Fig. 4). However, the results do not show any
significant trends in the number of flood episodes for the 1981-2015 period. These results
show the complexity of flood risk analysis, where many factors intervene simultaneously to
either favour or impede flooding. In the case of Barcelona, after an unexpected heavy
rainfall event recorded in September 1996, CLABSA (the company that carried out the
sewer system of Barcelona, nowadays BCASA) developed a sophisticated strategy to cope
with floods. This planning included building rainwater tanks and a permanent monitoring
system.

5.6 Damage versus runoff and precipitation

In this section, we analysed the possible correlation between flood damage, precipitation
and runoff for the extraordinary and catastrophic flood episodes that affected the MAB
between 1996 and 2015. We considered the following variables: precipitation over 24 h,
accumulated precipitation for the entire duration of the episode, runoff, total damage,
damage relative to population density and damage relative to total population of the
municipality. Correlation with damages was carried out for all the events, for the events in
which precipitation in 24 h exceeded the return period of 2 years and for events in which
accumulated precipitation surpassed 100 mm.

First of all, we only considered cases that caused catastrophic impacts in the MAB,
before looking at all the extraordinary and catastrophic events documented in the region.
Table 9 summarises the results obtained for catastrophic cases, highlighting the larger
correlation values. In all cases, the correlations were significant at 95% using the Spearman

@ Springer 163



Appendix

Nat Hazards

test. As it can be observed, correlations with damages are always better with runoff than
with precipitation. This result may be explained by the stream’s impact in flood damages
and suggests the importance of the type of soil cover as a determining factor in the analysis
of flood risk.

Figure 8 shows the best correlation results and the histograms for each variable (pre-
cipitation and accumulated runoff) for all of the cases (extraordinary and catastrophic)
when the accumulated total rainfall was greater than 100 mm. As in catastrophic episodes,
precipitation is more closely related to the density of damages (a correlation of 0.51),
whereas runoff relates slightly better to total damage (0.60). This behaviour might be a
consequence of the fact that the runoff already takes into account land use through the
runoff coefficient. A larger population is associated with a larger impermeable surface and
thus to a higher mean runoff value.

Finally, we analysed the distribution of precipitation over 24-h, 30-min rainfall inten-
sity, accumulated precipitation and damage according to the flood category (1: extraor-
dinary, 2: catastrophic) (Fig. 9; Table 10). As could be expected, accumulated
precipitation and damages are higher for catastrophic floods than for extraordinary ones.
The extraordinary episodes have a mean maximum 24-h precipitation of 68 mm, whereas
catastrophic episodes have a mean maximum of 118 mm. Furthermore, 75% of the former
have a maximum 24-h value higher than 55 mm. The maximum precipitation intensity
values of the two categories are very high, at around 29 and 50 mm in 30 min for
extraordinary and catastrophic episodes, respectively. These results confirm that the most
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Fig. 8 Correlation results for extraordinary and catastrophic flood events where the total accumulated
precipitation recorded was more than 100 mm, over the 1996-2015 period (for which CCS data are
available)
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Fig. 9 Boxplots showing the distribution according to the flood category (/ extraordinary, 2 catastrophic):
a precipitation in 24 h; b precipitation in 30 min; ¢ accumulated precipitation; and d damage

Table 10 Quartiles (Q1 = 25th percentile; Q2 = median; Q3 = 75th percentile) distribution for precipi-
tation and damage variables according to flood category

Extraordinary Catastrophic

01 02 03 01 02 03
Precipitation in 24 h (mm) 56 68 115 93 118 152
Intensity (mm/min) 28 29 43 40 50 53
Accumulated precipitation (mm) 56 68 139 160 189 236
Damage (millions of €) 0.21 0.71 2.67 3.14 3.63 9.12

common type of floods in this region, flash floods, comes from intense and short precip-
itation events (Llasat et al. 2016).

The greatest differences in precipitation come from the total amount per episode, where
the median for catastrophic floods was more than 175% larger than for extraordinary
events. In fact, the latter have mean cumulative precipitation values equal to those of 24-h
precipitation, indicating that the majority of episodes that produce extraordinary impacts
have a duration of 1 day, as proposed in Llasat et al. (2016).

In terms of damages, catastrophic events produce median losses that exceed €3 million
per episode, while in the case of extraordinary episodes these values are generally below
€1 million.
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6 Conclusions

The Metropolitan Area of Barcelona (MAB) has been affected by 109 flood events between
1981 and 2015, which translates to an average of more than three episodes of flooding per
year, some of them with catastrophic effects. As a result of these events, 11 people lost
their lives between 1981 and 2015 and the compensation paid by the CCS exceeded €86
million between 1996 and 2015. Consequently, there is no doubt that flooding is one of the
most important natural hazards affecting Barcelona and its metropolitan area. The evo-
lution of flood events (including urban floods and flash floods) shows a negative trend,
although it is not significant. This result differs from the one obtained for different
Mediterranean regions (Llasat et al. 2013) or Catalonia (Llasat et al. 2014a), where a
positive and significant trend was found, mainly due to the increase in extraordinary
events. In particular, in the case of the MAB, the analysis for the period 1981-2010 also
shows a positive trend that is not significant (Llasat et al. 2016). This fact reflects the
importance of period chosen when analysing trends, as well as other important points to be
considered. The first is the improvement in prevention measures like constructing rain-
water tanks, or the establishment of warning systems, which allows rainwater in the city to
be better managed. This is the case in Barcelona, where a negative and significant trend
was found, in agreement with the results for the analysis of longer periods (Barrera-Escoda
et al. 2006). After the implementation of prevention measures, the seriousness of floods in
this city has decreased, and nowadays, almost all events are ordinary floods. Similarly, the
lack of a positive trend in precipitation extremes in this area could be another explanation
(Turco and Llasat 2011; Turco et al. 2015).

Other factor to be considered is related to land use changes. Despite the fact that 80% of
the land devoted to agriculture in 1956 has been transformed in urban land with imper-
meable surfaces, the biggest change occurred between 1956 and 1993. After this date, there
was a decrease of less than 50% in the agricultural area. When land surface changes are
introduced in the calculation for runoff changes over a return period of 100 years, the
changes shown in the city of Barcelona are negligible and there is only an increase of 5.5%
for the entire MAB.

The same behaviour was observed for the increase in population. Despite the increase in
population since 1950 (by more than 206%), the last 35 years have only seen changes
around 2% and, in the case of Barcelona, there has been a decrease as result of the high
cost of living in the city. The correlation between accumulated precipitation and total
damages is 0.23. Given that we are referring to annual values and without considering the
number of insurance policies, this correlation value is quite high. But higher correlations
were found between precipitation, runoff and the density of damages (damages/population
adjusted to each year). The correlation surpasses 0.5 when considering events that recorded
more than 100 mm in 24 h, or that have a return period of more than 2 years. Particularly,
the correlation between estimated average runoff and total damages in the event, at
municipal scale, is 0.60.

This study suggested a classification of flood events in basis of different impact indi-
cators. In a preliminary analysis of the 1981-2015 period, the MAB has driven to the
possibility of suggesting some thresholds. In this case, an extraordinary flood event would
be characterised by an average daily precipitation of around 68 mm, a maximum intensity
of 30 mm in 30 min and €1 million in damages, respectively (insured damages). These
values would be for a catastrophic flood of 118, 50 mm and €3 million, respectively.
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Despite this apparent success, and given that torrential rainfall may increase in the
future and the MAB is one of the regions of the world with the highest number of tourists,
preventive measures should still be improved, including making sure the population is
more aware of the risk. This improvement in the risk awareness should be done at regional
scale (informative leaflets, schools, etc.) including local interventions like exhibitions,
conferences and the development of citizen science projects and tools. Although the
rainwater tanks have been useful in the city of Barcelona, new infrastructures for flood
defence should be avoided, with the focus on more sustainable solutions instead. For
example, allow the Llobregat and Besos rivers to have their natural and historical space;
transform flood plains into permanently open and green spaces beside and inside the cities
(a good solution in areas not so much urbanised); and improve new ways of channelling
rainwater to these spaces; use river spaces as natural reservoirs, allowing floods to reach
the coastline wherever possible, so they can fulfil their natural function in regenerating
beaches and coastal ecosystems. In highly urbanised areas, it would be important to
improve drainage systems taking into account the new proposals for Sustainable Urban
Drainage Systems (SUDS). Between the no structural measures, the improvement in the
early warning systems from a hydrometeorological point of view (rainfall and runoff) is a
key issue. However, besides the sustainability criteria we cannot forget the limits imposed
by the propagation of the uncertainty associated with the rainfall field in the hydromete-
orological chain, the required societal consensus, the assumable costs and the own tech-
nology (Llasat and Siccardi, 2010).

The latest IPCC report (2014) points to an increased risk of flooding, but above all, of
associated socio-economic impacts. According to the Hyogo and Sendai frameworks, the
most recent agreements regarding natural hazards and disasters (UNISDR 2007, 2015a),
and the 2015-2030 Sustainable Development Goals, prevention and resilience to floods
must have a strong social and sustainable component. This can only be achieved through
better empowerment and co-responsibility, not only from the population, but also from the
private sector and local governments.
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Abstract. Floods in the Mediterranean region are often sur-
face water floods, in which intense precipitation is usually
the main driver. Determining the link between the causes and
impacts of floods can make it easier to calculate the level of
flood risk. However, up until now, the limitations in quan-
titative observations for flood-related damages have been a
major obstacle when attempting to analyse flood risk in the
Mediterranean. Flood-related insurance damage claims for
the last 20 years could provide a proxy for flood impact,
and this information is now available in the Mediterranean
region of Catalonia, in northeast Spain. This means a com-
prehensive analysis of the links between flood drivers and
impacts is now possible. The objective of this paper is to de-
velop and evaluate a methodology to estimate flood damages
from heavy precipitation in a Mediterranean region. Results
show that our model is able to simulate the probability of a
damaging event as a function of precipitation. The relation-
ship between precipitation and damage provides insights into
flood risk in the Mediterranean and is also promising for sup-
porting flood management strategies.

1 Introduction

Flooding is one of the largest natural risks in the world. Be-
tween 2005 and 2014, more than 85 000 000 people were di-
rectly affected by flood events annually, and around 6000
people were killed on average each year due to floods
(UNISDR, 2015). The main factors involved in flood risk
analysis are the hazard, or the likelihood of a natural phe-
nomenon causing damage, and the vulnerability, that is, the
characteristics and circumstances of a community/system

that make it susceptible to potential flood damage (UNISDR,
2009; Kundzewicz et al., 2014; Winsemius et al., 2015). Vul-
nerability can include factors such as exposure and other so-
cietal factors such as early warning systems, building capac-
ity to cope with natural hazards and disaster recovery infras-
tructure (Jongman et al., 2014; Nakamura and Llasat, 2017).

A large number of researchers are making efforts to create
methodologies that are able to analyse the impacts of floods,
due to the significant consequences of this phenomenon
(Messner and Meyer, 2006; Garcia et al., 2014). Indeed,
progress is being made on incorporating impact and vulner-
ability analysis in flood risk assessment, although the limita-
tions of the impact data (availability and quality) make it dif-
ficult to carry out these studies (Elmer et al., 2010; Petrucci
and Llasat, 2013; Jongman et al., 2014; Papagiannaki et al.,
2015; Thieken et al., 2016; Kreibich et al., 2017).

Insurance data may provide a good proxy for describing
flood damage (Barredo et al., 2012). Several recent works
have used this kind of data to explore the causes and im-
pacts of floods. For instance, in several European regions re-
searchers have noted that precipitation has a significant in-
fluence on flood insurance data (see, for instance, Spekkers
et al., 2013, 2015, for the Netherlands; Zhou et al., 2013, for
Denmark; Sampson et al., 2014, for Ireland; Moncoulon et
al., 2014, for France; Torgersen et al., 2015, for Norway).
These data are very valuable for establishing causal relation-
ships between the costs of flood damage and precipitation
extremes, for developing risk maps and to use as a validation
tool for damage models (Zhou et al., 2013). These studies
agree on the potential of insurance data to assess the damage
caused by pluvial and urban floods.
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Most floods that have affected the region of study, north-
east Spain, are surface water floods that caused catastrophic
damage (Llasat et al., 2014, 2016a). This type of flood can
be regarded as coming under the most general definition of
rainfall-related floods (Bernet et al., 2017), including plu-
vial floods but also flooding from sewer systems, small open
channels, diverted watercourses or groundwater springs (Fal-
coner et al., 2009). River floods that affect great distances
are very rare in the region, and are only related to catas-
trophic and extended floods (for the analysed period only
the October 2000 floods were of this type). Nevertheless,
these are usually absorbed by reservoirs. It is therefore ex-
pected that flood insurance data will correlate strongly with
precipitation and surface water floods. However, relatively
few studies exist for the Mediterranean region, being mostly
limited to urban flood damage assessment (Freni et al., 2010;
Papagiannaki et al., 2015; Bihan et al., 2017), while analy-
sis of the possible links between precipitation and economic
flood damages are yet to be undertaken across Mediterranean
regions. This may be due to limitations in insurance data
records and difficulties in estimating how heavy precipitation
could affect monetary damages. In the Mediterranean region
of Catalonia, in northeast Spain, 20 years of flood-related in-
surance damage claims are available from the Spanish pub-
lic reinsurer, the Insurance Compensation Consortium (Con-
sorcio de Compensacién de Seguros, CCS), a public insti-
tution that compensates homeowners for damage caused by
floods, playing a role similar to that of a reinsurance com-
pany (Barredo et al., 2012). This means an assessment of the
links between precipitation and impacts is now possible. This
analysis would greatly help policy makers and civil protec-
tion agencies, improving early warning systems and allowing
for more efficient management strategies. Furthermore, as-
sessing the relationship between precipitation and flood dam-
age would provide relevant information on the underlying
mechanisms of how floods evolve, as well as those particular
to Mediterranean regions.

The aim of this study is to develop and evaluate a method-
ology to estimate surface water flood damage from heavy
precipitation in the Mediterranean region of study (hence-
forth, “flood” refers to surface water floods). The relationship
between precipitation and insurance data has been assessed,
using logistic regression models, to ascertain the probability
of large monetary damages in relation to heavy precipitation
events. Specifically, our main goal is to answer the following
research questions:

Can we predict flood damage with parsimonious
precipitation—damage models?

To what extent do exposure and vulnerability (through the
commonly used proxies of gross regional domestic product,
GDP) and population (Pielke and Downton, 2000; Choi and
Fisher, 2003; Barredo, 2009) determine the damages corre-
sponding to precipitation events?
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Figure 1. Map of Catalonia showing the aggregated basins, the
metropolitan area of Barcelona (MAB), the main rivers and the plu-
viometric stations used.

Which thresholds used to define large flooding damages
and heavy rainfall events determine the best applicability
range?

To sum up, the results of this study can help better under-
stand flood risk in Mediterranean areas by analysing flood
causes and impacts, and can help more accurately estimate
flood damage when high levels of rainfall are forecast.

The study is organised as follows. After the Introduction,
the Methods section describes the study region, the observed
data and the methodology used. Then, the Results section
presents the regression models obtained. Finally, the Conclu-
sions section summarises the main findings of this study.

2  Methods
2.1 Study region

The study area is Catalonia, a Spanish region of 32 108 km?
in the northeast Iberian Peninsula. The region is charac-
terised by three mountain ranges (Fig. 1): the Pyrenees in
the north (maximum altitude above 3000 m a.s.l.) and paral-
lel to the Mediterranean coast (SW-NE) between the Catalan
Pre-Coastal Range (maximum altitude around 1800 m a.s.1.)
and the Catalan Coastal Range (maximum altitude around
600 ma.s.l.). This marked orography is the key reason for
the development of floods, both from a hydrological point
of view (small torrential catchments) and due to meteoro-
logical factors (the orography forces water vapour to rise
from the Mediterranean, triggering instability; Llasat et al.,
2016a). The region is divided into 42 counties and 948 mu-
nicipalities, with a total population of 7.5 million, most of
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whom live along the coast, where more than 70 % of the flood
events occur (Llasat et al., 2014), making it a very vulnerable
area. From a hydrological point of view the region is divided
into 31 basins, most of them with surface areas of less than
500 km?. Some of them are located in very small municipali-
ties for which some data needed are not available (i.e. GDP).
For this reason we have aggregated some of the basins and
worked with a total of 29 (see Supplement).

We also analyse the metropolitan area of Barcelona (MAB,
534.7 km?: Fig. 1) in detail, which consists of the city of
Barcelona (1 608 746 inhabitants in 101.3km?) and 35 mu-
nicipalities. Although it represents less than 2 % of the sur-
face area of Catalonia, it contains 48 % of the population
(IDESCAT, 2016). It is affected by an average of over three
flood events per year, most of which are floods due to very
convective local precipitation (Cortes et al., 2017). The city
of Barcelona is crossed by 20 streams that have their source
in the Serra de Collserola (Catalan Coastal Range), and
which are covered by part of the Barcelona drainage system,
managed by the Barcelona Water Cycle (Barcelona Cicle de
I’ Aigua or BCASA). The United Nations International Strat-
egy for Disaster Reduction (UNISDR) marked Barcelona
as a resilient city and a model city for dealing with floods
(Nakamura and Llasat, 2017), as it has a permanent surveil-
lance and warning system running on hydraulic modelling
that includes 15 rainwater tanks (13 underground and 2 open)
that allow for better flood prevention. As a result, flood dam-
ages have decreased over time (Barrera-Escoda et al., 2006)
while the daily rainfall threshold associated with damaging
floods has increased (Barrera-Escoda and Llasat, 2015).

2.2 Data

The flood damage data were obtained from the insurance
compensation for floods paid by the Spanish Insurance Com-
pensation Consortium (CCS). The CCS compensates for
damage caused to people and property by floods and other
adverse weather events covered by an insurance policy. The
CCS database includes more than 58 000 records of claims
paid for floods in Catalonia, provided on a postal code level
for the 1996-2015 period (no previous information is avail-
able with this level of detail). For flood events we use the IN-
UNGAMA (Barnolas and Llasat, 2007; Llasat et al., 2016a)
and PRESSGAMA (Llasat et al., 2009) databases, which re-
port the flood events that have occurred in Catalonia on a
municipal, district and basin level. Basic data on damaging
events (i.e. event dates, duration and some hydrometeorolog-
ical data) are identified using the INUNGAMA database. The
PRESSGAMA database was used for the events and the de-
scription of their impacts, and to identify the worst-affected
places. Population and GDP data were obtained from the
Statistical Institute of Catalonia (Institut d’Estadistica de
Catalunya, IDESCAT). The population and GDP used cor-
respond to the year when the flood event took place. We
use daily precipitation data provided by the meteorologi-
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Table 1. Summary of the data used. Precipitation refers to the
number of meteorological stations considered; the number of flood
events is the total sum for the period 1996-2015; the average pop-
ulation is the total number of inhabitants; the average GDP is in
millions of euros; the damages refer to the compensation paid by
the CCS for the 1996-2015 period in millions of euros.

1996-2015 Catalonia MAB  Source
Precipitation 127 26 AEMET

24h

Precipitation - 14 SMC

30 min

Number of 166 61 INUNGAMA/
flood events PRESSGAMA
Population 6854302 3141703 IDESCAT
Gross domestic 164 162.30  95438.57 IDESCAT
product

No. of 948 36 IDESCAT
municipalities

Damages 436.40 86.30 CCS

cal station network run by the Spanish State Meteorologi-
cal Agency (Agencia Estatal de Meteorologia, AEMET). To
ensure temporal homogeneity, we have only considered the
stations located in Catalonia with more than 90 % valid data
over the 1996-2015 period (Fig. 1). For the MAB we also
considered 30 min weather data obtained from the network
of automatic meteorological stations belonging to the Me-
teorological Service of Catalonia (Servei Meteoroldgic de
Catalunya, SMC). Table 1 summarises the data used.

Compensation paid by the CCS were adjusted to the value
of the euro in 2015, following the methodology defined by
the Spanish National Institute of Statistics (INE, 2007). This
consists of using the exchange rate in the consumer price in-
dex (CPI) between the two years to adjust the values shown in
euros. To compare this data with other variables, we first ag-
gregated them at a municipal level. This task was made more
difficult by the fact that a municipality can include different
postcodes and one postcode can correspond to two munic-
ipalities. These difficulties were solved by aggregating the
municipal postcodes and looking at press information. Fi-
nally, to calculate the total damages per event, we took the
payments made on the day the event occurred, and the fol-
lowing seven days. We used this 7-day window as this is the
period of time that the CCS allows insurance claims to be
made. When the time difference between two events is less
than 7 days, damages are associated with the first event, if
the date of the claim was before the first day of the second
event.

Because the available data are too sparse to support our
statistical assessment on a municipal scale, we assessed the
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precipitation—compensation link for Catalonia as a whole.
That is, we sampled pairs of the response variable (i.e. the
compensation series) and the maximum 24 h precipitation
for each basin recorded, and pooled them into one sample
for the entire region (Catalonia) to correlate them. For each
event there can be more than one pair of values, depending
on the number of affected catchments. From now on we will
use the expression “flood case” for each pair of values cor-
responding to a basin affected by a flood event. This area is
large enough to have a fairly large sample size for analysis,
but small enough that the causes of flood damage are likely
to be similar across the area.

The same methodology was applied for another spatial
aggregation based on the AEMET warning areas (included
in the Supplement), and which has also been used in other
studies like Quintana-Segui et al. (2016). Similarly as for
the basins, an aggregation process was carried out (14 to 15
warning areas).

Finally, we considered three categories of damages: (i) to-
tal damages (D), (ii) damage per capita (DPC) and (iii) dam-
age per unit of GDP (DPW). This meant the relative impacts
of socioeconomic factors on damage could be estimated,
while taking into account population and wealth (Zhou et al.,
2017).

2.3 Modelling damage probabilities

After gathering together a list of all the floods that affected
Catalonia between 1996 and 2015, we filtered them based
on specific rainfall thresholds. The Social Impact Research
Group, created within the framework of the MEDEX project
(MEDiterranean EXperiment on cyclones that produce high-
impact weather in the Mediterranean; http://medex.aemet.
uib.es) has established a threshold — when a maximum rain-
fall of over 60 mm in 24 h was recorded — to indicate the ex-
pected social impact for rain events in Catalonia (Amaro et
al., 2010; Jansa et al., 2014). Barberia et al. (2014) suggest
that the threshold of 40 mm 24 h~! is better for urban areas.
In the main text we consider the threshold on 60 mm24h~—!,
while results obtained using the lower threshold are available
in the Supplement.

In the case of the MAB, the minimal unit of study is the en-
tire MAB region, which means each flood event corresponds
to a single flood case. Taking into account that applying the
precipitation thresholds of 40 and 60 mm for the MAB will
result in samples that are too small (36 and 23 flood cases re-
spectively), and that the analysis would not be robust enough,
we have used lower precipitation thresholds. It is worth not-
ing that in this case we also used 30 min precipitation, which
means a lower threshold might still have significant con-
sequences. For instance, a previous study shows that with
precipitation over 20 mm 30 min~!, extraordinary and catas-
trophic flood events can occur (Cortes et al., 2017) in the re-
gion. In addition, other studies (Barrera-Escoda and Llasat,
2015) have used 20 mm 24 h~! to study flood events in this
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Mediterranean region. Since the sample size is still small, a
10 mm threshold was also used (results for the 20 mm thresh-
old are, however, available in the Supplement).

Figure 2 shows the relationship between the three cate-
gories of damages considered (D, DPC and DPW) and pre-
cipitation (log-transformed) in Catalonia. Even if a linear re-
gression indicates a significant link (p value < 0.01), the ex-
planatory power of the model for D is rather low (> = 0.09).
Marginally better results are obtained for the damage indica-
tors DPC and DPW (> = 0.14 and r? = 0.16 respectively),
underlying the importance of considering the impacts of pop-
ulation and wealth on damage. That is, this analysis corrob-
orates the common experience that, given the same level of
heavy precipitation, the total damage is larger where the level
of wealth is higher.

The large spread of Fig. 2 indicates that modelling insur-
ance compensation is a complex issue, due to the limitations
in observational data and the concurrence of a variety of rel-
evant factors. For instance, monetary data could be affected
by limitations, as the value of the assets exposed and insur-
ance coverage may change over time (Barredo et al., 2012).
Unfortunately, exact data on the value and location of assets
exposed are not available.

However, the significant correlation between insurance
compensation and precipitation suggests that rainfall data
can be used to extract information on damage in Catalonia.
To do this, we applied a logistic regression model to gauge
the probability of large damaging events occurring given a
certain precipitation amount (an approach that is frequently
used for this kind of modelling study: Kim et al., 2012;
Wobus et al., 2014). That is, our aim is not to estimate the
precise amount of the monetary compensation, but to esti-
mate when a “large” damaging event will occur given a cer-
tain precipitation amount. Since there is not a standard def-
inition of a large damaging event, we tested several cases:
insurance compensation exceeding the 50th, 60th, 70th, 80th
and 90th percentile of the total sample. This methodology
is repeated for both thresholds (40 and 60 mm) and for the
three damage indicators (D, DPC, DPW) for the basins and
warning areas, meaning we made a total of 60 models.

Finally, the logistic model is calculated following Eq. (1):

log(%) — Bo+ i P, )

where 7 is the response variable (i.e. the probability above a
certain percentile) and P is the predictor (precipitation in our
case). The value of the 8 coefficient is determined using gen-
eralised linear models (GLMs). The Wald X2 statistic is used
to assess the statistical significance of individual regression
coefficients (Harrel, 2015).

2.4 Verification method

We plotted the relative operating characteristic (ROC) dia-
gram, a commonly used logistic prediction diagnostic, show-
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Figure 2. Scatter plot showing maximum precipitation in 24 h (mm) and (a) total damages (D), (b) damage per capita (DPC), and (c) damage
per unit of wealth (DPW), for flood events recorded in Catalonia between 1996 and 2015 (log-transformed values; damages are given in
euros). Each point represents the insurance compensation series (D, DPC or DPW) and the maximum 24 h precipitation for each basin. The

dashed line indicates the fit based on a linear regression model.

Table 2. Contingency table to support Egs. (2) and (3).

Observed
Yes No
E Yes a b
3
8 No c d
g
I

ing the hit rate (i.e. the relative number of times a fore-
casted event actually occurred) against the false alarm rate
(i.e. the relative number of times an event had been fore-
casted but did not actually happen) for different potential
decision thresholds (Mason and Graham, 2002). Thus, for
each insurance compensation percentile and for each precip-
itation threshold, we first calculated the forecast probabili-
ties for that event, and then grouped the probability forecasts
into batches (here 20 with a width of 0.05) to count the ob-
served occurrences/non-occurrences. That is, we converted
the observed and forecasted series, expressed as continuous
amounts, into “exceedance” categories (yes—no statements
indicating whether the data equal or exceed a selected prob-
ability). We then plotted the resulting elements on a standard
contingency table (see Table 2).

The ROC diagram shows the hit rate (H) against the false
alarm rate (F'). These indices are defined as

H=-2" 0<H<]I, )
a—+c

F = b 0<F<l 3
T b+d’ -0 =

www.nat-hazards-earth-syst-sci.net/18/857/2018/

3 Results
3.1 Damaging events and precipitation in Catalonia

The total number of flood events recorded in Catalonia for
the 1996-2015 period was 166 (109 of them went beyond
the 40 mm 24 h~! precipitation threshold and 81 went over
the 60 mm 24 h~! threshold) resulting in a total number of
flood cases (i.e. pair of precipitation—-damage values at a
basin scale) of 642 (331 for 40mm?24h~! and 239 for
60 mm 24 h~!). Coastal municipalities are the most affected
by flood events and where there is the most damage. This
is a consequence of high vulnerability (the most vulnera-
ble buildings and infrastructure are on the coast), exposure
(population and tourism are concentrated in the coastal re-
gions) and hazards (floods associated with local heavy rain
events are frequent; Llasat et al., 2014, 2016a). Around 49 %
of the events occurred during the months of July, August
and September, with the latter month having the highest per-
centage of events (22 %). The most severe or catastrophic
events occurred in the autumn, with 77 % of these events tak-
ing place between September and November (Llasat et al.,
2016a). The compensation paid by the CCS for floods during
this period in Catalonia amounted to EUR 436.40 million.

Figure 3 shows the number of flood events recorded be-
tween 1996 and 2015 (Fig. 3a), the total insurance losses
paid by CCS for flooding (Fig. 3b) during this period, the
average population (Fig. 3c) and the GDP (Fig. 3d) in each
basin. In general, there is good correlation among the four
variables, as expected. The basins with more recorded flood
events are those that received more insurance compensation
for flood damage, with a higher population and GDP. The
Maresme Basin was affected by 41 % of the recorded events
(Fig. 3a) with damages that add up to EUR 24.60 million be-
tween 1996 and 2015 (Fig. 3b).
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Figure 3. Basin distribution of (a) flood events (1996-2015), (b) total insurance compensation for floods made by CCS (1996-2015),
(c) average total population, and (d) average GDP. Asterisk indicates Maresme Basin.

In order to estimate when a “large” damaging event will
occur with a given precipitation amount, a logistic regres-
sion was used. Figure 4 shows a logistic regression example
that indicates the model is able to simulate the probability
of DPW above and below the 70th percentile as a function
of precipitation. This figure illustrates that the probability of
reaching above the 70th percentile for DPW increases when
there is a large amount of rain. This result is consistent with
the hypothesis that 24 h precipitation could be considered a
good indicator for flood risk. For this example the regression
Eq. (4) is

log (IL) = —10.5+2.08- P. @
— 7T

Table 3 shows the values of By and B, considering cases
with a threshold of 60 mm for the different combinations of
damage indicators and percentiles.

It is important to assess whether this model can be used
to separate positive and negative anomalies. Our models are
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not deterministic and users need to take into account the un-
certainty of the forecast expressed by these probabilities. For
example, users could decide to take action when a 10 % prob-
ability of an above-70th-percentile event is forecast. In this
case most of the observed events are forecasted, that is, the
hit rate (i.e. the relative number of times a simulation event
actually occurred) is close to 1, but this also implies a higher
false alarm rate (i.e. the relative number of times an event had
been simulated to occur but did not actually happen). On the
other hand, if a higher threshold is used, we can reduce the
number of false alarms, but at the expense of a greater num-
ber of missed events. The choice of the decision threshold is
a function both of the skill of the forecast and the cost/loss
ratio of the user. In any case, in a forecasting system affected
by uncertainties, missed events can be reduced only by in-
creasing false alarms and vice versa. In order to validate the
model, we considered the ROC diagram (see Fig. 5).

The area under the ROC curve (RA) is a useful measure
for summarising the skill of a model. RA ranges from 0, for
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Figure 4. Example of logistic regression result used to model DPW
damages above the 70th percentile as a function of precipitation
(log-transformed precipitation given in millimetres). The solid line
indicates the best estimate while the shaded band indicates the 95 %
confidence interval. Open circles along the horizontal axis show the
events that are above (top) and below (bottom) the 70th percentile.

Table 3. Parameters of the logistic model and RA values for the
basin level with 60 mm24h~! maximum precipitation threshold.
All the results are significant (p value < 0.01). Number of flood
cases: 239.

Percentile Damage Bo Bi RA
50 D —-5.31 1.16 0.61
DPC -9.19 2.00 0.67
DPW —8.73 190 0.67
60 D —6.89 141 0.64
DPC —8.90 1.84 0.67
DPW —9.58 1.99 0.68
70 D —-7.65 147 0.65
DPC —11.26 224 0.72
DPW —10.50 2.08 0.70
80 D —10.19 1.89 0.70
DPC —1044 194 0.70
DPW —11.84 224 0.73
90 D —11.13 190 0.71
DPC —11.58 1.99 0.70
DPW —12.86 226 0.74

a forecast with no hit and only false alarms, to 1, indicating
a perfect forecast. Models with an RA above 0.5 have more
skill than random forecasts. Figure 5 shows that our model
has skill: the ROC curve is well above the identity line, with
an RA of 0.7. The “best threshold” in this illustrative exam-
ple is 0.35. This means that if we want to maximise the H—
F difference (but please note that users could define other
best thresholds according to their cost/loss ratio), an above-
70th percentile damaging event is to be expected when our
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Figure 5. Relative operating characteristic (ROC) diagram for
above-70th DPW predictions using the logistic regression of
Eq. (1). The open dots indicate a set of probability forecasts by
stepping a decision threshold with 5 % probability through the mod-
elling results. The numbers inside the plots are the ROC area (RA)
and the best threshold (BT), here defined as the threshold that max-
imises the difference between the hit rate (H) and the false alarm
rate (F).

model predicts a probability higher then 0.35, resulting in
H =0.61 (this means that 61 out of 100 events are correctly
modelled) and F = 0.20 (this means that 20 out of 100 events
were modelled as an “event” when it did not actually hap-
pen). For example, in this case (BT =0.35) a precipitation
amount higher than 115 mm is needed to expect a damag-
ing event above the 70th percentile for the damage indicator
DPW (EUR 97/GDP).

Table 3 summarises the model parameters and perfor-
mance considering all the percentiles and the three categories
of damage used. In each case, precipitation is a significant
predictor (p value < 0.05) and the models have skill and
significant RA values (the significance is estimated using a
Mann—Whitney U test; Mason and Graham, 2002). Similar
results were obtained for the damage categories, with slightly
larger RA considering DPW. Finally, a number of sensitiv-
ity tests were carried out. We repeated the analysis consider-
ing (i) a precipitation threshold of 40 mm instead of 60 mm,
(ii) the AEMET warning areas, (iii) only coastal regions and
(iv) the basin-averaged precipitation instead of the maximum
values, obtaining similar results (see Supplement).

3.2 Damaging events and precipitation in the
metropolitan area of Barcelona

A total of 61 flood events were recorded in the metropoli-
tan area of Barcelona (Fig. 1), which means an average of
more than three events per year. The summer and autumn
months had the highest number of flood events, with Septem-
ber having the most (31 %), followed by October (16 %).
The insurance compensation paid by the CCS for floods
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Figure 6. Scatter plot (a) damages (D) versus 24 h precipitation and (b) damages (D) versus 30 min precipitation in units of log(mm).

Table 4. Parameters of the logistic model and RA values for the
MAB level with 10mm 30 min~! maximum precipitation thresh-
old. All the results are significant (p value < 0.05). Number of flood
cases: 38.

Percentile ~ Damage Bo B1 RA
50 D —14.61 4.7 0.88
DPC —14.61 4.7 0.88
DPW —10.02 321 0.81
60 D —13.34 4.06 0.85
DPC —13.34 4.06 0.85
DPW —13.72 4.18 0.86
70 D —11.30 321 0.81
DPC —11.30 321 0.81
DPW —15.05 433 0.87
80 D —16.62 458 0.89
DPC —16.62 458 0.89
DPW —16.62 458 0.89
90 D —17.72 453 091
DPC —17.72 453 0091
DPW —17.72 453 091

amounted to EUR 86.30 million, which represents 20 % of
the total compensation paid by the CCS in Catalonia. The
municipality of Barcelona recorded a total of 37 events be-
tween 1996 and 2015, all due to in situ precipitation and
drainage problems in the city (Llasat et al., 2016b). The city
of Barcelona also receives the most compensation for floods
(around EUR 19 million).

As can be seen in Fig. 6, the total damages (D) correlate
more with 30 min precipitation than with 24 h precipitation,
with significant results in both cases. In this particular case,
similar results are obtained for the other damage categories
(DPC and DPW; see Table 4).

We then repeated the logistic modelling exercise using
30 min precipitation. Figure 7 shows a logistic regression for
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Figure 7. Example of a logistic regression result used to model
damages (D) above the 70th percentile as a function of 30 min pre-
cipitation in units of log (mm) for the MAB. The solid line indi-
cates the best estimate while the shaded band indicates the 95 %
confidence interval. Open circles along the horizontal axis show the
events that are above (top) and below (bottom) the percentile 70th.

the events that affected the MAB. As in the basin-level ag-
gregation, the model is capable of simulating the probability
of total damage (D) above and below the 70th percentile as
a function of 30 min precipitation in this case. As could be
expected, this probability increases with precipitation. The
same methodology was applied using a precipitation thresh-
old of 20 mm 30 min~! (see Supplement) and using the 50th,
60th, 80th and 90th percentiles (Table 4). For this example,
the regression equation is

log (L) — —1134321-P. 5)
1—m

Figure 8 shows the ROC diagram for predictions of total
damages (D) above the 70th percentile for the MAB, us-
ing a precipitation threshold of 10 mm30min~!. The total
RA (0.81) shows that our model for the MAB has skill. In
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Figure 8. Relative operating characteristic (ROC) diagram for pre-
dictions for damage indicator D above the 70th percentile for the
MAB using the logistic regression of Eq. (1). The open dots indi-
cate a set of probability forecasts by stepping a decision threshold
with 5 % probability through the modelling results. The numbers
inside the plots are the ROC area (RA) and the best threshold (BT),
here defined as the threshold that maximises the difference between
the hit rate (H) and the false alarm rate (F).

this case, we would obtain the biggest difference between
the hit and false rates when our model predicts a probability
higher than 0.4. That is, the best threshold is 0.40, with 73 %
of the events well predicted (H = 0.73) and only 11 % are
false alarms events (F = 0.11). In this example, a precipita-
tion amount higher than 30 mm 30 min~"! is needed to expect
a damaging event above the 70th percentile for damage indi-
cator D (EUR 0.45 million).

Table 4 summarises the model parameters and per-
formance considering all the percentiles and the three
damage categories used for a precipitation threshold
of 10mm30min~! (see Supplement for results using
20mm 30 min~! for the MAB). Similar results in terms of
RA have been obtained for damage categories, whether us-
ing a 10 mm (Table 4) or a 20 mm threshold (Supplement).

4 Discussion and conclusions

The Mediterranean is an area frequently affected by flood
events that produce significant socioeconomic damage. Cat-
alonia, located in the west of the Mediterranean, is affected
by an average of more than eight events per year. The ma-
jority of the damage caused by these events is due to lo-
cal events, with intense and short-lived rainfall rather than
river overflow (Llasat et al., 2014). Therefore, it is assumed
that precipitation is the main contributing factor for damage
caused by this type of event. To corroborate this hypothe-
sis, the relationship between precipitation and compensation
paid by insurance companies was studied. To take into ac-
count the differences in vulnerability and exposure in the ter-
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ritory, we considered three types of damage: total damage,
damage per capita (divided by the population) and damage
per unit of GDP.

Although linear regression indicates a significant link (p
value < 0.01), suggesting that rainfall data can be used to
extract information on damages in Catalonia, the variance
explained for the model is rather low (r2 =0.09 for D,
r2 =0.14 for DPC and r2 =0.16 for DPW). For this rea-
son, the relationship was assessed using logistic regression
models in order to estimate the probability of large monetary
damages occurring as a result of heavy precipitation events.
That is, our aim is not to estimate the precise amount of insur-
ance compensation, but to estimate when a “large” damaging
event will occur given a particular precipitation amount. As
could be expected, the logistic regression shows an increase
in the probability of a damaging event occurring when pre-
cipitation increases. In order to validate the model, we con-
sidered the relative operating characteristic (ROC) diagram.
The area under the ROC curve (RA) proved our model skill.
The results show an RA above 0.6 in all percentiles of the
three types of damages and thresholds of precipitation, most
of them with values higher than 0.7. That is, our model is able
to simulate the probability of a damaging event as a function
of precipitation.

The methodology was also been applied for the metropoli-
tan area of Barcelona (MAB) region, an urban area affected
by more than three flood events per year. In this case precip-
itation data at subdaily scale is available. Linear regression
has shown that 30 min precipitation is linked more closely
with damages than 24 h precipitation, and also the logistic
regression models present better results in terms of RA for
the urban area considering higher-resolution data, with val-
ues higher than 0.8 in all cases. Therefore, we have been
able to confirm that 30 min rainfall is a better predictor of
the probability of large damages than daily rainfall in urban
areas, and this result confirms previous studies such as that
of Torgersen et al. (2015), who found a significant relation-
ship between insurance data and short-lasting rainfall when
studying urban floods in Norway. In addition, Spekkers et
al. (2013) showed that high claim numbers associated with
private property and content damage were significantly re-
lated to maximum rainfall intensity, based on a logistic re-
gression, with rainfall intensity for 10 min to 4 h time win-
dows.

Overall, our results confirm the hypothesis that precipita-
tion is a key factor in explaining the damage caused by flood
events in regions in which water surface floods are the main
type of flood, as is the case in the Mediterranean region of
study. Also our findings align with the results of previous
studies (Spekkers et al., 2013; Zhou et al., 2013; Wobus et
al., 2014; Torgersen et al., 2015) and further indicate that
insurance databases are a promising source for flood dam-
age assessment at local (Garrote et al., 2016; Le Bihan et al.,
2017; Zischg et al., 2018; Zhou et al., 2013) and at regional
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scale (Barredo et al., 2012; Kim et al., 2012; Wobus et al.,
2014; Zhou et al., 2017).

To summarise, we have developed a new model that allows
us to predict the probability that a flood event causing large
damage (where the meaning of “large” depends on the user)
will occur, based on precipitation, and taking into account the
exposure and vulnerability of the region in the model. That
is, the parsimonious empirical models linking flood damages
to heavy precipitation developed in this study make a sub-
stantial contribution towards developing a warning forecast
system with flood management strategies. For instance, from
the relationship shown between precipitation and insurance
compensation it is possible to predict when damaging events
will occur as a result of a certain precipitation threshold.

These results were obtained by following a simple and
transparent statistical methodology that can also be applied
to other areas. These links could also provide a basis to pre-
dict flood damage in future climate change scenarios as done
for instance by Wobus et al. (2014) that estimated monetary
damages from flooding in the United States under a “business
as usual” climate change scenario. As a word of caution it is
worth noting that the complex relationships between climate
variability, human activities and flood damage may limit the
applicability of these findings to conditions that are very dif-
ferent from current ones. In addition, more complex analyses
including more sophisticated empirical methods, and other
factors such as soil physical characteristics (e.g. slope, soil
characteristics, vegetation) could provide additional under-
standing on flood drivers and impacts. For instance, in Gar-
rote et al. (2016) different simulation scenarios were defined
considering the modifications to the terrain due to construc-
tion of fluvial defence structures in the area.

Despite these limitations, this work has provided the first
assessment of the link between precipitation and flood dam-
age in a Mediterranean region, and our results suggest that by
exploiting the relationship between precipitation and flood
damage, the model could provide satisfactory prediction of
monetary compensation.
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SUPPLEMENTARY MATERIAL

TABLES

Table S1: Basin aggregation

BASINS

ALL BASINS JOIN
CODE BASIN NAME CODE BASIN NAME
001 Tec, el 1001 (001; 002; 030) | El Tec; Rieres litorals Muga; La Muga
002 Rieres litorals Muga 1002 (003; 040) Rieres litorals Fluvia; El Fluvia
003 Rieres litorals Fluvia 006 El Dar6
006 Dar9, el 1003 (015; 852) El Gaia; Rieres Tarragona Centre
015 Gaia, el 019 Riera de Riudecanyes

019 Riera de Riudecanyes

1004 (025; 970)

La Sénia; Rieres litorals Ebre Sud

025 Sénia, la

050

Tordera, la

030 Muga, la 060 Besos, el

040 Fluvia, el 070 Foix, el

050 Tordera, la 080 Francoli, el

060 Besos, el 090 Garona, eth

070 Foix, el 100 Ter, el

080 Francoli, el 200 Llobregat, el

090 Garona, eth 300 Segre, el

100 Ter, el 400 Ebre, I'

200 Llobregat, el 500 Rieres Costa Brava Nord

300 Segre, el 600 Rieres Costa Brava Centre

400 Ebre, ' 618 Rieres Costa Brava Sud

500 Rieres Costa Brava Nord 700 Rieres del Maresme

Torrents de I' Area Metropolitana de

600 Rieres Costa Brava Centre 774 Barcelona

618 Rieres Costa Brava Sud 789 Rieres litorals Llobregat

700 Rieres del Maresme 800 Rieres del Garraf
Torrents de I' Area

774 Metropolitana de Barcelona 833 Rieres Tarragona Nord

789 Rieres litorals Llobregat 900 Rieres Tarragona Sud

800 Rieres del Garraf 913 Rieres Meridionals de Tarragona

833 Rieres Tarragona Nord 944 Rieres litorals Ebre Nord

852 Rieres Tarragona Centre

900 Rieres Tarragona Sud

Rieres Meridionals de
913 Tarragona

944 Rieres litorals Ebre Nord

970 Rieres litorals Ebre Sud
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Table S2: Warning zones aggregation

WARNING ZONE

ALL WARNING ZONE JOIN
CODE | WARNING ZONE NAME CODE WARNING ZONE NAME
694304 | Litoral sur de Tarragona 694304 | Litoral sur de Tarragona
Cadena prelitorial de
694302 | Tarragona 694302 | Cadena prelitorial de Tarragona
Depresion central de
694301 | Tarragona 694301 | Depresion central de Tarragona
694303 | Litoral norte de Tarragona 694303 | Litoral norte de Tarragona
690804 | Prelitoral de Barcelona 690804 | Prelitoral de Barcelona
Depresion central de
692503 | Lleida 692503 | Depresion central de Lleida
690803 | Prelitoral de Barcelona 690803 | Prelitoral de Barcelona
Depresion central de
690802 | Barcelona 690802 | Depresion central de Barcelona
691704 | Litoral sur de Girona 691704 | Litoral sur de Girona
691702 | Prelitoral de Girona 691702 | Prelitoral de Girona
691703 | Ampurdan 691703 | Ampurdan
690000 (690801; Prepirineo de Barcelona, pirineo de Lleida
690801 | Prepirineo de Barcelona 691701) y Llivia
692502 | Pirineo de Lleida 692502 | Pirineo de Lleida
691701 | Pirineo de Girona y Llivia 692501 | Valle de Aran
692501 | Valle de Aran

Table S3: Parameters of the logistic model and RA values for the basin level with 40 mm/24 h maximum
precipitation threshold. Number of flood cases: 331

PERCENTILE | DAMAGE Bo B RA
D -3.62 0.83 0.60
50 DPC -6.83 1.56 0.67
DPW -7.16 1.63 0.68
D -5.11 1.06 0.63
60 DPC -1.79 1.67 0.69
DPW -8.68 1.87 0.71
D -6.06 1.17 0.65
70 DPC -9.05 1.84 0.71
DPW -8.88 1.80 0.71
D -9.19 1.73 0.72
80 DPC -10.73 2.07 0.74
DPW -9.74 1.85 0.73
D -10.47 1.82 0.74
90 DPC -11.48 2.03 0.74
DPW -13.76 2.52 0.80
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Table S4: Parameters of the logistic model and RA values for the basin level (without taking into account
mountain basins: basin 090, 100, 200 and 300, according to Table 1 in supplementary material) with 40 mm/24
h maximum precipitation threshold. Number of flood cases: 247.

PERCENTILE | DAMAGE Bo B1 RA
D -3.95 0.91 0.6
50 DPC -6.53 1.51 0.65
DPW -7.13 1.65 0.66
D -6.71 1.45 0.66
60 DPC -7.39 1.6 0.66
DPW -7.87 1.71 0.67
D -7.37 1.49 0.66
70 DPC -10.31 2.15 0.72
DPW -8.88 1.83 0.70
D -10.26 2.01 0.73
80 DPC -12.43 2.49 0.76
DPW -10.46 2.05 0.73
D -10.62 1.89 0.72
90 DPC -10.83 1.94 0.72
DPW -13.45 2.5 0.79

Table S5: Parameters of the logistic model and RA values for the basin level (without taking into account
mountain basins: basin 090, 100, 200 and 300, according to Table 1 in supplementary material) with 60 mm/24
h maximum precipitation threshold. Number of flood cases: 171.

PERCENTILE | DAMAGE Bo B RA
D -6.51 1.44 0.63
50 DPC -9.19 2.03 0.66
DPW -11.08 2.45 0.69
D -10.06 2.13 0.69
60 DPC -10.28 2.17 0.67
DPW -10.25 2.16 0.68
D -10.94 2.21 0.69
70 DPC -13.54 2.78 0.73
DPW -11.07 2.24 0.7
D -11.15 2.13 0.7
80 DPC -10.3 1.95 0.69
DPW -10.65 2.02 0.7
D -12.37 2.21 0.71
90 DPC -10.9 1.9 0.68
DPW -13.52 2.45 0.73

185



Appendix

Table S6: Parameters of the logistic model and RA values for the basin level with 40 mm/24 h average
precipitation threshold. Number of flood cases: 177.

PERCENTILE | DAMAGE Bo B RA
D -5.38 1.29 0.61
50 DPC -10.32 2.48 0.68
DPW -10.16 2.44 0.68
D -5.89 1.31 0.61
60 DPC -10.70 2.46 0.69
DPW -9.48 2.17 0.68
D -8.25 1.76 0.66
70 DPC -13.10 2.90 0.73
DPW -9.78 2.12 0.68
D -11.75 2.44 0.73
80 DPC -11.86 2.46 0.71
DPW -9.96 2.02 0.67
D -12.22 2.35 0.72
90 DPC -13.13 2.56 0.73
DPW -14.99 2.98 0.77

Table S7: Parameters of the logistic model and RA values for the basin level with 60 mm/24 h average
precipitation threshold. Number of flood cases: 100. * Indicates no significance (p-value>0.05).

PERCENTILE | DAMAGE Bo B RA
D -6.02* 1.37* 0.61%*
50 DPC -14.99 3.42 0.72
DPW -13.70 3.13 0.71
D -7.95 1.71 0.64
60 DPC -17.43 3.87 0.75
DPW -16.95 3.76 0.75
D -11.76 2.47 0.69
70 DPC -13.61 2.89 0.72
DPW -13.44 2.85 0.70
D -9.04* 1.73* 0.64
80 DPC -15.51 3.17 0.73
DPW 13.68 2.77 0.71
D -10.20* 1.80%* 0.67
90 DPC -15.75 3.02 0.74
DPW -12.99 2.42 0.69
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Table S8: Parameters of the logistic model and RA values for the warning zone level with 40 mm/24 h maximum
precipitation threshold. Number of flood cases: 243.

PERCENTILE | DAMAGE Bo B1 RA
D -2.73 0.62 0.6
50 DPC -6.79 1.53 0.7
DPW -6.81 1.54 0.7
D -4.05 0.82 0.63
60 DPC -7.54 1.59 0.71
DPW -7.21 1.52 0.71
D -4.82 0.89 0.63
70 DPC -8.25 1.64 0.73
DPW -9 1.8 0.74
D -7.35 1.31 0.7
80 DPC -9.67 1.81 0.76
DPW -10.65 2.03 0.78
D -8.92 1.46 0.73
90 DPC -11.04 1.9 0.79
DPW -11.62 2.02 0.81

Table S9: Parameters of the logistic model and RA values for the warning zone level with 60 mm/24 h maximum
precipitation threshold. Number of flood cases: 180. * Indicates no significance (p-value>0.05).

PERCENTILE | DAMAGE Bo B RA
D -2.13* 0.46* 0.58*
50 DPC -6.54 1.41 0.66
DPW -6.52 1.41 0.67
D -2.08* 0.36* 0.55*%
60 DPC -7.07 1.43 0.68
DPW -6.94 1.4 0.67
D -3.64* 0.6* 0.58"
70 DPC -8.06 1.54 0.7
DPW -10.04 1.96 0.75
D -3.9% 0.54* 0.56*
80 DPC -10.04 1.83 0.75
DPW -10.01 1.82 0.74
D -8.44 1.32 0.71
90 DPC -10.61 1.76 0.75
DPW -10.57 1.75 0.75
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Table S10: Parameters of the logistic model and RA values for the MAB level with 20 mm/30 min maximum

precipitation threshold. Number of flood cases: 21. * Indicates no significance (p-value>0.05).

PERCENTILE | DAMAGE Bo B RA
D -42.27 12.28 0.94
50 DPC -42.27 12.28 0.94
DPW -34.04 9.81 0.91
D -75.09 11.66 0.95
60 DPC -26.47 11.66 0.95
DPW -33.68 11.66 0.95
D -27.89 7.23 0.92
70 DPC -27.89 7.23 0.92
DPW -27.89 7.23 0.92
D -16.25 4.05% 0.82
80 DPC -16.25 4.05* 0.82
DPW -16.25 4.05* 0.82
D -6759.73 1727.74* 1*
90 DPC -6759.73 1727.74* 1*
DPW -6759.73 1727.74* 1*

Table S11: Damage percentiles for all the damage indicators, precipitation indicators and levels. Damage (D) is
in euros, damage per capita (DPC) in euros/population and damage per wealth (DPW) in euros/GDP.

PERCENTILE | DAMAGE BASINS WARNING ZONES MAB
40 mm/24h | 60 mm/24h |40 mm/24h |60 mm/24h | 10 mm/30min | 20 mm/30min
D 76534 91732 180148 228677 191222 332437
50 DPC 0.40 0.48 0.33 0.54 0.06 0.11
DPW 20 27 15 26 2 4
D 142642 177573 288708 342690 253197 439954
60 DPC 0.66 0.96 0.61 0.82 0.09 0.14
DPW 36 57 31 48 3 5
D 244098 280868 465357 601829 446198 1754684
70 DPC 1.25 1.97 1.12 1.60 0.14 0.56
DPW 71 97 60 94 5 19
D 512063 798412 800506 1203333 1394559 2992793
80 DPC 3.15 4.14 2.38 2.76 0.45 0.93
DPW 141 200 132 164 13 29
D 1670401 2377659 2504096 3191660 3414333 10680483
90 DPC 7.97 13.15 5.28 6.35 1.07 3.57
DPW 380 591 301 417 35 103
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FIGURES

Figure S1. Basins aggregation

Figure S2. Warning zones aggregation
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Figure S3. (a) Warning zone distribution of flood events (1996-2015); (b) total insurance compensations for
floods made by CCS (1996-2015); (c) average total population; and (d) average gross domestic product.
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Figure S4: Scatter plot showing maximum precipitation in 24 h (mm) and (a) total damages (D); (b) damage per
capita (DPC); and (c) damage per unit of wealth (DPW), for flood events recorded in Catalonia between 1996
and 2015 (log-transformed values; damage are given in euros). Each point represents the compensation series
(D, DPC or DPW) and the maximum 24 h precipitation for each basin. The dashed line indicates the fit based
on a linear regression model. (Po=40 mm/24 h).
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Figure S5: Scatter plot showing maximum precipitation in 24 h (mm) and (a) total damages (D); (b) damage per
capita (DPC); and (c) damage per unit of wealth (DPW), for flood events recorded in Catalonia between 1996
and 2015 (log-transformed values; damage are given in euros). Each point represents the compensation series
(D, DPC or DPW) and the maximum 24 h precipitation for each warning zone. The dashed line indicates the fit
based on a linear regression model. (Po=40 mm/24 h).
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Figure S6: Scatter plot showing maximum precipitation in 24 h (mm) and (a) total damages (D); (b) damage per
capita (DPC); and (c) damage per unit of wealth (DPW), for flood events recorded in Catalonia between 1996
and 2015 (log-transformed values; damage are given in euros). Each point represents the compensation series
(D, DPC or DPW) and the maximum 24 h precipitation for each warning zone. The dashed line indicates the fit
based on a linear regression model. (Po=60 mm/24 h).
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Figure S7: scatter plot (a) damages (D) versus 24 h precipitation (Po=20 mm/24 h) and (b) damages (D) versus
30 minute precipitation (Po=20 mm/30 min) for the MAB (unit: log(mm)).
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Figure S8: Example of logistic regression result to model DPW damages above the 70th percentile as a function
of precipitation (log-transformed of the precipitation given in mm) for basin level. The solid line indicates the
best estimate while the shaded band indicates the 95% confidence interval. Open circles along the horizontal
axis show the events that are above (top) and below (bottom) the 70th percentile. (Po=40 mm/24 h).
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Figure S9: Example of logistic regression result to model DPW damages above the 70th percentile as a function
of precipitation (log-transformed of the precipitation given in mm) for warning zone level. The solid line
indicates the best estimate while the shaded band indicates the 95% confidence interval. Open circles along the
horizontal axis show the events that are above (top) and below (bottom) the 70th percentile. (Po=60 mm/24 h).
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Figure S10: Example of logistic regression result to model D damages above the 70th percentile as a function of
precipitation (log-transformed of the precipitation given in mm) for the MAB. The solid line indicates the best
estimate while the shaded band indicates the 95% confidence interval. Open circles along the horizontal axis
show the events that are above (top) and below (bottom) the 70th percentile. (Po=20 mm/30 min).
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Appendix
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Figure S11: Relative operating characteristic (ROC) diagram for above 70th DPW predictions for basin level
using the logistic regression of Eq. (1) (Po=40 mm/24 h). The open dots indicate a set of probability forecasts by
stepping a decision threshold with 5% probability through the modelling results. The numbers inside the plots
are the ROC Area (RA) and the Best Threshold (BT), here defined as the threshold that maximise the difference
between the hit rate (H) and the false alarm rate (F).
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Figure S12: Relative operating characteristic (ROC) diagram for above 70th DPW predictions for the warning
zones using the logistic regression of Eq. (1) (Po=60 mm/24 h). The open dots indicate a set of probability forecasts
by stepping a decision threshold with 5% probability through the modelling results. The numbers inside the
plots are the ROC Area (RA) and the Best Threshold (BT), here defined as the threshold that maximise the
difference between the hit rate (H) and the false alarm rate (F).
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Figure S13: Relative operating characteristic (ROC) diagram for above 70th D predictions for the MAB using
the logistic regression of Eq. (1) (Po=20 mm/30 min). The open dots indicate a set of probability forecasts by
stepping a decision threshold with 5% probability through the modelling results. The numbers inside the plots
are the ROC Area (RA) and the Best Threshold (BT), here defined as the threshold that maximise the difference
between the hit rate (H) and the false alarm rate (F).
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