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Abstract: The effects of climate change imply an increase in the risk levels due to coastal flooding.
These areas present a high concentration of population and economic activity. The failure of critical
infrastructures (CI) serving these communities can have significant impacts on these sectors. This
study aims to analyze the risk and its future evolution due to climate change in coastal areas,
considering the increased impact that the population would experience if the CI (of the energy or
water and waste treatment sectors) were affected by coastal flooding. The methodology used has
made it possible to analyze the risk of the Functional Urban Areas (FUA) of the European coasts,
identifying the areas in which the level of risk to the population is significantly underestimated. In
some of these areas and scenarios, the population affected by coastal flooding if the failure of the CI
occurs would be up to 4.5 times higher than what is estimated if only their direct impact is considered.

Keywords: critical infrastructure; coastal flooding; exposure; Europe; risk analysis; climate change;
indirect risk

1. Introduction

Major impacts derived from climate change are expected in Europe in the coming
decades. Particularly, coastal flood risk is projected to increase strongly in Europe due to
global warming [1]. Extreme sea levels (ESLs) are expected to unprecedentedly rise in the
frequency of catastrophic coastal flooding events [2]. For a business-as-usual IPCC scenario
(RCP8.5), it has been estimated that by 2100, 0.5-0.7% of the world’s coastal areas will be at
risk of episodic coastal flooding from a 1 in 100 yr return period event, impacting 2.5-4.1%
of the world’s population and threatening assets worth up to 12-20% of global GDP [3]. In
fact, coastal flood risk will increase in all European countries with a coastline, with France,
the UK, Italy, and Denmark showing the highest absolute increase in coastal flood risk by
the end of the century [1].

This continuous rise in sea levels along Europe’s coastlines derived from global
warming could result in unprecedented coastal flood losses, in case no additional coastal
protection and risk-reduction measures are implemented [4]. Even if adaptation measures
implemented can keep current flood probabilities constant, overall losses from coastal
flooding will increase to USD 60-63 billion per year by 2050, due to the effects of coastal
subsidence and mean sea level rise [5]. In Europe, the current expected annual number of
people exposed (EAPE) to coastal flooding is 102,000, and this number is projected to reach
1.52-3.65 million by the end of the century [4].

Globally, the coastline is characterized by a high population density and significant
socio-economic activity, as well as the presence of multiple critical infrastructures (CI) [2].
In this context, multiple international organizations have established a main goal to increase
resilience by 2030. The Sendai Framework for Disaster Risk Reduction 2015-2030 [6] aims
to achieve “the substantial reduction of disaster risk and losses in lives, livelihoods and
health and in the economic, physical, social, cultural and environmental assets of persons,
businesses, communities and countries”. Specifically, “the substantial reduction of disaster

J. Mar. Sci. Eng. 2023, 11, 2146. https:/ /doi.org/10.3390/jmse11112146

https:/ /www.mdpi.com/journal /jmse


https://doi.org/10.3390/jmse11112146
https://doi.org/10.3390/jmse11112146
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/jmse
https://www.mdpi.com
https://orcid.org/0000-0003-1641-8447
https://orcid.org/0000-0003-0619-2608
https://orcid.org/0000-0002-8645-952X
https://doi.org/10.3390/jmse11112146
https://www.mdpi.com/journal/jmse
https://www.mdpi.com/article/10.3390/jmse11112146?type=check_update&version=1

J. Mar. Sci. Eng. 2023, 11, 2146

2 0f 33

damage to critical infrastructure and disruption of basic services, developing their resilience
by 2030” [6], is defined as a critical objective.

Despite this objective, a review of the existing literature shows that there are still
important gaps in the analysis of the climate risk over CI. There is a limited number of
studies in the current state of the art that have studied the risk of CI to natural hazards [7],
mostly devoted to local case studies [8,9]. Addressing CI risk to coastal flooding all along
the European coast has been considered of vital importance, identifying qualitatively and
quantitatively the increase when considering the consequences of CI failure and disruption
on the population. Nevertheless, most studies still underestimate risk, not considering
the possible indirect impacts that could arise outside the directly flooded area, resulting in
suboptimal decision processes [10]. Qiang [11] performed an analysis of CI at the national
level, but only considered the exposure and not the risk, and Amer et al. [12] proposed a
methodology for measuring resilience, as a component of vulnerability.

Some authors [13-15] have identified the lack of studies that address the indirect
impacts of a natural hazard by applying complex conceptual frameworks to real-world
situations, beyond the well-established methods to determine CI risk and the direct im-
pacts of coastal flooding. Currently, most climate change adaptation plans focus on what
adaptation measures and investment proposals are required, considering that the popu-
lation of certain cities (such as Genoa, Edinburgh, Patra, Thessaloniki, Tromsg, etc.), do
not suffer and will not suffer in the future and for the different RCP-SSPs scenarios any
risk derived from coastal flooding and, therefore, do not require the implementation of
climate adaptation actions. This study tries to highlight the existence of indirect risks on
the population of European coastal cities derived from the damages or stop of operations in
their CI and the loss of the services they provide, such as energy supply, transport services,
or water treatment.

The aim of this study is to develop a new methodology to quantify the risk level of the
population to natural hazards when Cl is affected, and the risk increases as a consequence
of climate change-related impacts. This research focuses on the frequent underestimation
of risk that occurs in analyses of climate change impacts, particularly from natural hazards
such as coastal flooding, when the service provided by CI within the flooded area is not
considered. In fact, many regional climate change adaptation plans develop risk analysis
and adaptation and mitigation strategies considering only direct risk, but not the population
indirectly affected by potential CI disruption.

The proposed approach intends to analyze CI risk not from the conventional point
of view, which considers exclusively the damage to the infrastructure itself, but from the
consideration of the consequences of CI failure on the population, as the main element
exposed and vulnerable to climate change-induced risk. Therefore, this study presents a
risk analysis considering European CI and potential direct and indirect risks caused by
coastal flooding, with the aim of achieving a better understanding of the impacts of this
climatic hazard on CI, which is essential for achieving community resilience [16].

Direct and indirect impacts of coastal flooding considering the affected CI will be
quantified in terms of socio-economic damage, i.e., people potentially affected. In this
context, direct impacts are those on people who are directly affected by the flood, estimated
from the population density in the area spatially covered by the flood maps used. Generally,
these are people living in the affected areas. Indirect impacts, on the other hand, are impacts
on the population that, whether or not they are located in the space determined by the flood
maps as an area affected by coastal flooding, are indirectly impacted by the disruption
of the normal functioning of CI which, due to their location in flood-prone areas, have
been disturbed.

To the best of our knowledge, there is no similar study in the literature that analyses
the risk derived from CI on the European coastal population and, moreover, addresses
the effects of indirect risk, considering not only the population directly affected by coastal
flood risks, but also the indirect effects that may arise on infrastructures that provide a
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service to society, and its derived impacts on the population. Recent studies propose similar
approaches, but at a more local and limited level [14].

As a novelty, this study intends to apply the proposed approach at a higher scale,
analyzing the risk of European CI affected by coastal flooding, based on the experienced
increasing trend in the frequency and intensity of flooding events in Europe, and the even
higher expected increase in the coming decades. This work intends to analyze if the risk of
coastal flooding overpopulation in Europe is underestimated.

1.1. Critical Infrastructure

According to the Council Directive 2008/114/EC [17], Cls are “assets, systems or parts
thereof which are essential for the maintenance of societal functions, health, safety, security,
economic or social well-being of people, and the disruption or destruction of which would
have a significant impact as a result of the failure to maintain those functions”. These
infrastructures are “the backbone of modern economies and societies” [18] due to their
fundamental role in the continued provision of goods and services, maintaining social
well-being [8].

Despite the lack of consensus in the literature on which infrastructures should be
considered critical, the definition of CI has barely undergone substantial modifications in
the existing literature. Serre & Heinzlef [19] consider CI as “critical” since their potential
destruction could weaken the defense and economic organization of a whole country. Some
authors consider CI as “generators of vulnerabilities” since their location and dependencies
might propagate risk across different geographical regions [20].

Hence, it can be classified as CI all infrastructures related to transport, energy gener-
ation and distribution, water, industry, education, and health [21], among other systems,
and services that are critical to ensure the health, wealth, and security of a country [17,22].
Therefore, its essential role in society becomes clear when a situation of disaster or cri-
sis occurs, when CI failure is more probable and, consequently, the disruption of daily
functioning affects society [23].

CI networks are vulnerable to multiple stressors that could interrupt their proper
functioning [24]. According to Rinaldi et al. [22], a failure that happens to one infrastructure
can, directly and indirectly, affect other(s), cause impacts in large geographic regions, and
send ripples throughout the national and global economy. These failures can cause large-
scale disruptive effects in the economy and society [10,25], but also in politics [26].

Hence, a proper understanding of the behavior of a CI cannot be achieved considering
itself as an element isolated from other infrastructures or the surrounding environment but
evaluating the interconnections and interdependences in a holistic approach [22]. Modern
CI generally operates with a system-of-systems structure, in which interactions, intercon-
nections, and interdependencies between the nodes predominate [27-30]. Generally, the
literature considers four infrastructure interdependencies, first stated by Rinaldi et al. [22]:
physical, geographical, cyber, and logical. The dependencies and interdependencies be-
tween these infrastructure networks mean that failure can propagate between networks,
with cascading effects [10,31,32].

Therefore, interconnections between CI of different sectors arise, which are essential in
the analysis as they give rise to cascade effects, increasing the possibility of magnifying the
effects of a disruptive event, with its associated significant costs [30]. Some studies about
ClI failure involve the representation of infrastructure interdependencies [22], considering
physical network connectivity failure, the disruption of services provision, and the impacts
on the potential customers [8,29,33,34].

The lack of sufficient information to establish the connections and interdependencies
between CI at the European scale is identified as an important source of uncertainty. Never-
theless, not considering interdependencies does not affect the relevance and scope of this
study. The proposed approach focuses on presenting the underestimation when considering
the indirect risk of CI on the population. Therefore, it is considered beyond the scope of the
paper to analyze interconnections between CI sectors and interdependencies between CL
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1.2. CI Risk Analysis

The most common definition of risk is “the results from the interaction of hazards,
exposure and vulnerability” [35]. In this conceptual frame, hazard is considered “the
potential occurrence of a natural or human-induced physical event or trend or physical
impact that may cause loss of life or any kind of health impacts, as well as damage and
loss to property, infrastructure, livelihoods, service provision, ecosystems, and environ-
mental resources”; exposure is defined as “the presence of people, livelihoods, species or
ecosystems, environmental functions, services and resources, infrastructure, or economic,
social, or cultural assets in places and settings susceptible of being adversely affected”;
and vulnerability, as one of the most controversial terms, is defined as “the propensity and
predisposition to be adversely affected” [35-37]. However, this last term also comprises a
range of concepts and elements including “sensitivity or susceptibility to harm and lack of
capacity to cope and adapt” [35,37].

In order to facilitate exposure analysis of CI, several authors have provided different
CI spatial harmonized gridded datasets [7,21]. Some studies address the infrastructure
exposure by developing different metrics to associate the number of users to each individual
infrastructure asset, and conducting a hotspot analysis, by applying the Kernel density
estimator [33,38]. Pant et al. [8] quantify infrastructure flood impacts in terms of disrupted
customers linked directly to flooded assets and customers disrupted indirectly due to
network effects, at a regional scale. Others, however, do not consider the users associated
with CI or the cascading effects and interrelations between CI and, instead, focus on the
number of CI disrupted by flooding events, and make an analysis by applying statistical
tools to identify clusters with a high CI exposure ratio as “hot spots” [11]. These analyses
provide a visual representation of exposure aided by a geospatial representation of “priority
areas” for planners to focus on [33].

ClI as elements highly exposed to the increasing frequency and intensity of Extreme
Weather Events (EWEs) and their effects [39] can be affected directly (damage to strategic
buildings such as power plants) or indirectly (interruption of services or loss of capabil-
ity) [40], resulting in direct and indirect impacts (and consequences), respectively. Some
authors highlight the importance of distinguishing between impacts within and outside the
areas affected by hazards [8]. Previous studies have pointed out the benefits of substituting
the conventional impact and risk assessments that tend to focus on the people and assets
directly located in flood-prone areas, with an analysis based on the estimation of the po-
tential disruption to infrastructure systems and the people and industries that they serve,
determining the number of people dependent on the infrastructure assets and identifying
concentrations of these critical assets [8,33]. The underestimation of risk, implicit in risk
analysis that fails to consider impacts outside the area directly affected by a hazard, can
lead to poor investment decisions [10].

In fact, it can be stated that risk studies that do not include the failure of CI may be
underestimating the total economic losses [10]. Nevertheless, in the existing literature,
“most analysis of the cost of infrastructure failure is often estimated in terms of monetary
values of physical stocks that are damaged or have failed due to direct exposure to natural
hazard” [41].

The resilience of cities and CI can be achieved by considering the nexus between
extreme events, CI failures, dependency of users on CI services, and their vulnerability
(user vulnerability) to CI failures [42]. The concept of resilience applied in this study is
similar to that of Murdock et al. [43] by quantifying flood impacts in terms of disruption,
which would provide a metric for the resilience approach.

2. Methods

This section aims to present the data used in the study, as well as to describe the
methodological process carried out to address the objectives stated before.
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2.1. Study Area

First of all, the study area has to be delimited. For the purposes of this study, the coasts
of Europe have been considered as the study area, using the European coastal Functional
Urban Areas (FUA) [44] as the spatial unit. A FUA consists of a city and its commuting
zone, where the latter represents the area of influence of the city in terms of labor market
flows [45].

2.2. Data
2.2.1. CI Datasets

For the CI exposure assessment, the “HARCI-EU harmonized gridded dataset of
critical infrastructures in Europe” [21,46] has been used, which represents major CI in
the energy, industry, transport, and social sectors, at a 1 km? resolution, expressed in
sector-specific, economically relevant units. We have only considered those infrastructure
types with a nodal structure for the study. However, social CI (education and health) have
been excluded from the analysis for their complexity, and, since it has been considered
that a further and much more specific analysis is required for these social CI and their
wide impact on society. Among the industrial CI, only the “water and waste treatment”
infrastructures have been considered, owing to their fundamental role as part of the public
urban infrastructure. The following table shows basic information about the CI datasets
used, provided by Batista e Silva et al. [21].

Among all the CI provided by the HARCI-EU dataset, the types shown in Table 1 have
been considered of interest. From the point of view of the data treatment, the CI chosen are
nodal elements, not considering the segment-type CI, and neither the social nor transport
infrastructures nor industries, since the analysis of such CI requires a different and complex
approach, which in the authors” opinion should be assessed separately.

Table 1. HARCI-EU dataset of critical infrastructures in Europe. Based on Batista e Silva, et al. [21].

Sector Sub-Sector Infrastructure Type Economic Variable Units
Coal power plants
Non-renewable energy Gas power plants Annual energy . .
production Oil power plants produced/transported K tonnes oil equiv.
Nuclear power plants
Energy Biomass and geothermal
power plants Annual ener
Renewable energy production Hydro power plants 8y K tonnes oil equiv.
Solar power plants produced/transported
Wind power plants
Industry Water/waste treatment Water and waste treatment Annual turnover Million EUR

In the risk analysis of the Energy sector’s CI, different typologies have been considered
as nodal components of an overall network of energy-producing infrastructures, which
include different energy generation methods: from fossil or nuclear to renewable energy
sources. A highly redundant energy production network has therefore been considered,
due to the high diversity of available energy sources. However, it is impossible to consider
for the future the foreseeable variations related to the energy transition towards more re-
newable technologies, which implies a substantial change in the form of energy production
and, consequently, of the existing infrastructures.

In the water and waste treatment sector, hereinafter “W&W?”, the characteristics of the
specific damaged assets are also highly relevant. For water treatment plants and wastewater
treatment plants, the risks arising from their potential impacts are considerably different.
While a water treatment plant would limit the water supply to the population, a failure of a
wastewater treatment plant can result in severe risks to ecosystems. The assets included
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within this CI sector are also highly exposed to coastal flooding impacts, mainly due to
their location, generally at low elevations.

Among the limitations of using the HARCI-EU CI dataset, it must be considered that
this study is conditioned by the updates of these spatial databases. In addition, future
spatial projections capable of representing the dynamic nature of the CI along the different
territories are currently non-existent and, therefore, the exposure of these CI to coastal
flooding must be considered as constant for the different scenarios and time horizons.

Other CI spatial datasets have been considered, such as the global dataset proposed
by Nirandjan et al. [7], which was eventually discarded due to the 100 km? resolution,
which was considered not suitable for the purposes of the study (in comparison with
the 1 km? resolution of the HARCI-EU dataset). Moreover, the fact that the HARCI-EU
dataset provides the economic value of each infrastructure asset, has been considered a key
contribution to its application in this work.

2.2.2. Flood Maps

The flood maps used in this study are the pan-European coastal flood maps from
Paprotny & Napoles [47], first developed for their use in the RAIN project [48]. This
dataset provides data related to the probability of coastal flood occurrence in Europe under
present and future climate, based upon SMI-RCA4-EC-EARTH regional climate simulation
(EURO-CORDEX). For obtaining this database, several steps were carried out: firstly, storm
surge heights under present and future climate were calculated using a two-dimensional
(2D) hydrodynamic model. In a second step, data on other factors influencing extreme
water levels were also considered (i.e., tides, sea level rise, and glacial isostatic adjustment).
Finally, the “bathtub fill” method was used to generate the flood maps [48].

The datasets employed are raster files with coastal flood depth information at 100 m
resolution, for the periods 1971-2000, 2021-2050, and 2071-2100, and for the Representative
Concentration Pathways (RCPs) RCP4.5 and RCP8.5. For the research purposes the 100 yr
return period flood maps were used as specified for flood hazard maps in the Directive
2007/60/EC of the European Council and European Parliament of 23 October 2007 on the
assessment and management of flood risks [49].

Among the limitations of the datasets used, it has to be considered that the flood maps
provide a European-wide overview of the present and future probability of occurrence of
coastal flooding. Therefore, this limitation implies that the results should be treated with
caution when drawing conclusions on a local scale.

2.2.3. Population Datasets

The spatial population datasets used in this research are the ones from “The Global 1-km
Downscaled Population Base Year and Projection Grids Based on the SSPs, v1.01 (2000-2100)” [50].
These population datasets consist of the global population for the base year 2000, and
population projections at ten-year intervals for 2010-2100 at a resolution of 1 km (the
dataset is a downscaled version of the dataset published in Jones & O’Neill [51]). These
datasets are consistent both quantitatively and qualitatively with the Shared Socioeconomic
Pathways (SSPs).

As shown in Figure 1, the population raster datasets used are the base of the total
population in the year 2000, and the projections of the SSPs (SSP2 and SSP5), for 2050
and 2100.

Risk scenarios
2021 - 2050 2071 - 2100

Base

Figure 1. Risk scenarios and time-horizons considered for the analysis.
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2.3. Methodology

In this section, the methodology followed in the study is described. Figure 2 provides
a general overview of the methodology developed to assess the risk of CI failure and
disruption as a consequence of coastal flooding in the European population living in coastal
areas. In the following subsections, the steps followed to reach the objectives of this paper
are presented.

1. Background information and data

alor & Waste J ‘ Functional Urban Areas (FUA) I | Population J [ Flood maps J

treatment

i -

. Hazard

[ Total population associated to FUA }—5—
| Total population associated to

each Cl in each FUA
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e S s
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Identification of the FUA
with the greatest risk
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by flood hazard

[ Direct Risk
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Risk Increase

4, Qutcomes
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3. Risk analysis

Figure 2. Schematic overview of the methodology.

2.3.1. Defining the Area of Influence of CI

Properly defining the area of influence of CI is essential to quantify the indirect
impacts on the population. Thus, one of the key aspects of the methodology employed
in this study relies on the identification of the “area of influence of the CI” facing the
existing uncertainties in this field. For this purpose, Functional Urban Areas (FUA) from
Eurostat-GISCO [44] have been considered. To each of these FUA, its respective population
has been associated so that the population in the FUA can be considered as the users that
can be potentially affected by the disruption of one or several CI located in the FUA or its
nearest boundary. Identifying the area of influence of CI allows not only to quantify the
real impact of coastal flooding on the population, but also on other CI which, in turn, can
cause cascading failures in other CI that conform to the CI network of networks.

Some research studies use Voronoi tessellation diagram approaches in order to estimate
the geographic boundaries of the coverage area of each demand node [24,52,53]. Others also
calculate customer demands on CI using Voronoi-based assignment techniques [8,29,54].

For certain CI types, the Voronoi polygons provide an effective approach that could be
used for the allocation of users spatially assigned to each CI. In fact, it has been observed
that, for certain infrastructure types, including those that offer their services locally (at
district, neighborhood or street level) and that show a high concentration of nodes in the
network (such as “W&W"” treatment), Voronoi polygons provide good results.

For other CI types, the Voronoi diagrams do not provide an accurate approximation
of the area associated with the CI. One of the main reasons is that this methodology
ignores administrative and geographical boundaries, which are often fundamental in the
distribution of goods and services, and in the interrelationships and interdependencies
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Directly exposed
population

N

——
Total population in
the FUA

between CL. In the case of infrastructures with a lower density in the European network
and whose allocation of services to a particular area is not purely geographical, but is
influenced by many other uncertain factors, such as for the case of nuclear power plants,
the polygons generated do not correlate with reality.

The use of FUA makes it possible to associate a spatially coherent area with a Cl and,
thus, to study the characteristics of this area for a socio-economic assessment or an analysis
of its vulnerability and adaptive capacity, beyond a mere statistical estimate of the number
of people affected. It can be useful for large-scale studies, as in the one presented in this
work, since it allows for limiting the extent of the study and identifying hotspots with
greater risk, where a specific analysis is required on a local scale.

2.3.2. User Allocation

The second step in the characterization of CI comprises the user allocation to each
CIL The method proposed consists of, firstly, the spatial association of population to each
FUA, and, secondly, for each FUA to associate the population served by each CI. This is
carried out proportionally to the number of CI of the same kind (considering the resilience
dimension of “redundancy” in the CI network) and also the importance of each CI (based on
the economic value provided by the HARCI dataset [21], and associated with the operation
of each infrastructure type from Eurostat at country level). For that goal, the number of
users associated with each CI in each FUA is calculated as a weighted average based on the
individual economic value of the infrastructure, the total value of the set of CI in the FUA,
and the total population living in the FUA.

2.3.3. Risk Analysis

To evaluate the relevance of the CI and the underestimation of the risk level, two
metrics are calculated (Figure 3). Firstly, the population at direct risk is defined as the ratio
of the population affected by the flood and the total population of the FUA. To obtain the
affected population, the flood maps are overlapped with the spatial distribution of the
population, considering as affected population the one with a flood height higher than
1 cm.

Directrisk Direct + Indirectrisk

N

population

Functional Urban Area

Flooded area

Area of indirect affection

Total
Cl (not affected) population in

. Directly + indirectly the FUA
- exposed populahon . -
. Cl users - Cala
user «
ot exposed F?
-

Cl users
n\
Directly exposed
o-o population

Cl (affected Total populatlon in the

| NO RISK CHANGE |

Figure 3. Risk analysis methodology.

Secondly, the population at indirect risk is defined as the ratio of the population served
by a flood-affected CI and the total population of the FUA. To discern whether a CI is
affected, the flood map overlaps with the spatial distribution of the FUA’s infrastructure,
considering all the CI with a flood height higher than 1 cm to be affected. Although the use
of higher thresholds both for population and CI would obviously imply a reduction in risk
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levels, this value, together with the use of 100-year return period flood maps, is an appro-
priate approach according to EU guidelines for flood risk management [49]. The population
served by each CI was obtained following the allocation procedure described above.

The difference between the direct and indirect risk indicators provides an estimate of
the population that may be indirectly affected by a coastal flood, which may be underesti-
mated because it is not located within the directly affected area.

All these calculations are made using ArcMap, and using the information layers
related to exposure (water and waste management, energy CI distribution, coastal FUA,
and population spatial distribution), impact (historical flooding maps (100 years of return
period)), and considering the vulnerabilities stated previously (1 cm) (Figure 4).

A Study Area: European Coastal Functional Urban Areas Population raster dataset (Historic) Q
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Figure 4. Data used for the risk analysis. The main window shows the study area, i.e., the Func-
tional Urban Areas in Europe potentially exposed to coastal flooding. Secondary windows present
population dataset and the coastal flood map used for the historical scenario (1971-2000).

3. Results and Discussion

The following subsections present the results from the application of the methodolog-
ical framework to the case of coastal flooding within the coastal areas in Europe. In this
section, the results are presented together with the discussion of the results, in order to
facilitate the understanding of the main findings.

3.1. Hotspots Analysis (CI at Risk of Coastal Flooding)

The first step in the coastal flooding risk analysis of European CI implies assessing
their spatial distribution. The spatial location patterns of CI exposed to coastal flooding
allow for the identification of exposure patterns and targeting adaptation efforts in the most
affected areas. Figure 5 shows, in red, the coastal European CI at risk of coastal flooding,
according to historical data from 1971 to 2000.

As can be induced from Figure 5, some areas, such as those located within the North
Sea area, are easily identified as hotspots due to their CI's major exposure to coastal flooding.
Some other areas in the Iberian Peninsula and the north of the Adriatic Sea can be also
highlighted due to the existence of more affected CI.
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Figure 5. CI potentially affected by coastal flooding for the period 1971-2000 (in red).

3.2. A Comparison between Direct and Indirect Risk in Coastal European FUA
e  Direct risk

The percentages of the population directly affected by coastal flooding for the base
scenario, corresponding to the historical period (1971-2000) are presented in Figure 6.
For the RCP-SSPs scenarios and future time horizons studied, these percentages of the
population directly affected by the 100-year return period flood are presented in Figure Al
(Appendix A).
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Figure 6. Maps representative of the percentage of population directly at risk of coastal flooding.
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As expected, there is a high concentration of FUA with high and extreme direct risk
levels in part of the “low countries” region (that comprises Belgium, the Netherlands,
Luxembourg, and the Rhine-Meuse-Scheldt delta region), with the FUA of Lelystad, Mid-
delburg, Oostende, Rotterdam, Amsterdam, among others, standing out, with percentages
of the population directly affected by coastal flooding exceeding the 50% of the total popu-
lation and, in some cases, as in Alphen aan den Rijn, Leeuwarden and Gouda, with almost
100% of their population affected by coastal flooding. The southeast coast of the island of
Great Britain, with some FUA at high-risk levels, and the Ravenna and Venice FUA in the
Adriatic Sea, with a medium risk level affecting the population, are also noteworthy. For
the rest of the European coastal FUA, the levels of direct risk are predominantly low.

Maps presented in Figure 7 show three examples of FUA where the analysis has been
developed and that are characterized by extreme percentages of the population directly
affected by coastal flooding. In these maps, the spatial units considered (FUA) are clearly
shown together with the distribution of the population, the flood maps affecting these
areas, and the physical location of the CI that provides services to the population living in
each FUA, highlighting the ones located in areas affected by coastal flooding.

K Amsterdam Rotterdam Bremen

B _:-.'_..-,_'. o

Legend
Energy Ci affectes [N
octed |

Functional Urban Area
Coastal flood map historic (1971-2000) 100-yr

Population
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3279.97 - 1366.65 [

1.
(e MR TR T 0 enity ol o s 1w 7 = 731161 - 3279.97 [
I —— 0TS O —— Kilometars 17,424.88 - 7311.61

Figure 7. Maps representative of the results obtained from the spatial analysis regarding the impact
of coastal flooding for the base scenario (flood map for the historical period 1970-2000 with 100-year
return period) on the population and CI of the FUA of Amsterdam, Rotterdam, and Bremen (shown
as examples of FUA with extreme levels of direct impact on the population caused by coastal
flooding), respectively.

e Indirect risk

Indirect risk results have been prepared on a sector-specific basis for energy and
W&W infrastructure. The main justifications for the separate approach of the different
sectors analyzed are, firstly, the high uncertainty in the cross-sectoral dependencies (these
interrelationships are unknown), and, secondly, the existing variations between the ser-
vices provided by each sector and the characteristics of each sector’s network require a
particularized interpretation of the results.
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3.2.1. Energy Sector Infrastructure

In the case of energy sector infrastructure, the maps show a significant increase in
the number of FUA with high or extreme risk percentages compared to the direct risk
(Figure 6). Additionally, an increase in the percentage of the population indirectly affected
compared to the analysis of direct exposure is also found.

In this case, it can be seen (Figures 8 and A2 (Appendix A)) that some of the areas that
already showed high levels of percentage of population directly affected by flooding also
present high percentages of indirect risk. It is the case for the FUA of Rotterdam, Bremen,
Amsterdam, Hamburg, Alphen aan den Rijn, Leeuwarden, Gouda, etc. However, it can
also be observed that a considerable number of FUA whose population was not affected,
or was affected with low levels of risk, present now high levels of indirect risk due to
the impact on their CI. This can be observed in some FUA located along the coasts of the
Iberian Peninsula and Italy, as well as on the coasts of Denmark and the Scandinavian
countries, among others. To illustrate this finding, maps in Figure 9 provide examples of
the results obtained for the FUA of London and Lisbon, respectively. As can be observed
in these maps, coastal flooding does not affect areas particularly large or with very high
population density for the cases of London and Lisbon FUA. However, the areas affected
host many CI that, in these cases, belong to the energy sector. Flooding in these areas will
imply cessation of service to a significant percentage of the population served by these CI,
even if they are not directly affected by this climatic hazard.
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Figure 8. Maps representative of the population at risk of coastal flooding considering indirect
impacts caused by energy CI disruption.

3.2.2. Water and Waste Treatment Sector Infrastructure

In relation to W&W critical infrastructures, the Netherlands and Belgium present a
higher indirect risk to the population (Figures 10 and A3 (Appendix A). These areas present
the higher percentages of the population affected by service interruption due to CI affected
by coastal flooding. The east and south coasts of Great Britain, and some FUA in Denmark
and the Scandinavian countries, also have many FUA with high levels of indirect risk.
In southern Europe, Torrevieja and Valencia, in Spain; Venice, Ravenna, and Brindisi, in
Italy; and Patras and Thessaloniki, in Greece, stand out with extreme levels of indirectly
affected population.
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Figure 10. Maps representative of the population at risk of coastal flooding considering indirect

impacts caused by W&W treatment CI disruption.

As for the energy sector, Figure 11 illustrates the same examples (FUA of London and
Lisbon) for the W&W treatment sector. As it can be observed, in both areas, an important
proportion of Cl is affected due to their location in flood-prone areas. This translates into a
high number of people affected by service disruption in case of coastal flooding.
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Figure 11. Representation of the results obtained for the FUA of London and Lisbon for the W&W
treatment CI sector.

3.3. Risk Underestimation

The risk underestimation is calculated as the difference between the population di-
rectly affected by coastal flooding and the population indirectly affected considering the
disruptions of CI in each FUA. The maps presented in Appendix A (Figures A4 and A5)
have been developed as a result.

These maps can serve to focus on those FUA where affections on citizens are underes-
timated when risk assessments limit their approach to the first step of this analysis: directly
assessing the exposure of citizens to coastal flooding, neglecting the effects of CI disruption
to citizens.

3.3.1. Energy Sector Infrastructures

Regarding the Energy CI sector, many FUAs in Europe show high-risk increases (over
650%) when considering the increase in the number of people affected by indirect risk
compared to those affected by direct risk. Up to 55 urban areas have been found that show
extreme levels of risk increase.

Figure 12 presents the results for the historical period for illustrative purposes, al-
though the results for the RCP4.5 and RCP8.5 scenarios are also presented in Appendix A.
From these maps, it is possible to identify the FUA or areas in the European coastline
where the greatest increases in risk overpopulation occur. One of the most significant
results that can be derived from these results is that the area comprising the “low countries”
does not stand out for presenting high percentage increases of risk. This implies that the
difference between direct and indirect risk is low, so no risk underestimation in these areas
is considered in risk analysis. The directly at-risk population is high and, therefore, no
major increases could occur when CI disruptions take place. On the contrary, results show
that areas such as Genoa, Barcelona, Edinburgh, Malta, or Cadiz stand out for showing a
great risk underestimation, with a low directly at-risk population percentage, but higher
risk levels when considering the risk over CI and the served population.
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Figure 12. Maps representative of the increase in population at risk derived from coastal flooding
when energy CI disruptions are considered.

Analyzing the results shown in Figure 13 (and Figure A6 in Appendix B), European coastal
FUA can be distinguished into three different types, depending on risk underestimation:

o  Upper sector of the chart (Type A): The FUAs in this range have percentages of the
population directly affected by coastal flooding that exceeds 50% and percentages
of the population indirectly affected due to the disruption of the functioning of the
CI that is close to 100%. In these FUAs, the underestimation of indirect risk is not
classified as critical. The direct risk level of overpopulation is high per se, so indirect
risk only emphasizes the relevance of coastal flood risk in the area.

e Intermediate sector of the chart (Type B): This type includes the FUAs that present
differences between the percentage of the population directly and indirectly affected
by the effects of coastal flooding between 50 and 100%. FUAs of this group present the
highest degree of criticality from the perspective of risk underestimation.

o Lower sector of the chart (Type O): This type includes the FUAs with lower direct risk
level overpopulation by coastal flooding, and percentages of the population indirectly
at risk lower than 50%. In the case of these FUAs, despite the indirect risk to the
population, the risk level is not so critical, mainly due to the greater resilience of the
infrastructure network in these areas (in particular, due to the greater redundancy or
fragmentation of the network).

The categorization of the FUA into the three types previously defined (type A, B, and
C) allows us to make a first approximation to the identification of the most critical areas
in terms of the underestimation of the indirect risks of coastal flooding on the population.
Although, in terms of the percentage of affected population, it is possible to identify those
FUA with the greatest increase in people affected by coastal flooding when CI failures are
considered (Figure 12), this does not provide a sufficiently complete overview to determine
which cities are the most critical, concerning risk underestimation. This is because an
increase of 100 people can represent a very high percentage increase in FUAs with a low
population density, while in another FUA with a higher population density, this increase
would be considered negligible. For this purpose, it is necessary to include the scale factor
of the population density of the FUA in the analysis. This need highlights the complexities
in measuring risk and establishing generic risk levels.
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Figure 13. Comparative graph of the percentage of direct and indirect risk to the population in
the main European FUA (25 most populated FUA) in the study of energy sector CI’s disruption
derived from coastal flooding hazards. In a yellow—green color scale, the results of % potentially
affected population obtained in a Direct Analysis are shown, while in an orange—purple color scale,
the results show the % potentially affected population obtained in the Indirect Analysis. As can be
seen in the legend, different color intensities represent the different scenarios with codes of the form
(RCPscenario_TimeHorizon_RiskType).

The graph in Figure 14 shows the European coastal FUA in which the population
indirectly affected by the disruption of their Energy sector CI due to coastal flooding has
been identified, and classified as the three types previously described (A, B, and C). The
graph represents the absolute variation of the affected population between considering the
population directly affected and the indirectly affected by the disruption of the energy CI.
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Figure 14. Tree map representing the categorization of the most critical FUA to Energy CI disruption
due to coastal flooding.
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For the analysis of the risk over the Energy sector, London, Athens, and Barcelona
appear as the most critical FUA, considering the greatest increases in risk (type B), since
the order of magnitude of the increase (in absolute terms) of their affected population is
millions of people. Among the FUA of type A to be highlighted as more critical, given that
a high percentage of their population is exposed both directly and indirectly, Rotterdam
and Utrecht stand out.

3.3.2. Water and Waste Treatment Sector Infrastructure

Regarding the W&W treatment CI, certain parallelisms can be found with the results
obtained for the energy sector. The large number of FUA that present extreme and high
levels of increased risk percentages when considering CI disruption is noteworthy. Figure 15
shows the percentages of risk increase for the European coastal FUA, considering the
impact of the infrastructures of the W&W treatment sector for the historical scenario for
the period (1971-2000). Figure A5 presents the results for the five scenarios and time
horizons analyzed.
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Figure 15. Maps representative of the increase in population at risk derived from coastal flooding
when W&W treatment CI disruptions are considered.

Figure 16 (and Figure A7 in Appendix B) presents a comparative graph of the percent-
ages of the population directly and indirectly affected in each FUA. This graph, unlike the
analogous results for the energy infrastructure sector, does not show such an extensive
number of FUA with very large differences between the percentages of population directly
and indirectly affected. In this infrastructure sector, the lower percentages of the population
indirectly affected by the suspension of the operation of their CI can be explained due to
the higher redundancy of the network.

The graph in Figure 17 groups these FUA according to the increase in risk faced by
their population, showing that, for this infrastructure sector, most FUA belong to type C,
i.e., the increased percentages of the population affected when considering the disruption
of the CI are lower than 50%, with no direct risk due to flooding. This may be caused
mainly by the sanitation and water supply networks, which are characterized by a high
degree of fragmentation, which makes them more robust than other sectors. Within type
C, which is, in principle, the least critical, it is worth highlighting the case of London. For
this FUA, even though it has a percentage of the population affected by indirect risk of
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less than 25%, the increase in people affected by indirect risk is millions of people. In the
most critical type, considering risk underestimation (type B), the FUA of Malmo, Antwerp,
Bergen, Riga, and Middlesbrough, mainly stand out. The type A is led by the FUA of
Amsterdam and Rotterdam.
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Figure 16. Comparative graph of the percentage of direct and indirect risk to the population in the
main European FUA (25 most populated FUA) of W&W treatment sector CI’s disruption derived
from coastal flooding hazards. In a yellow-blue color scale, the results of % of potentially affected
population obtained in a Direct Analysis are shown, while in an orange—purple color scale, the results
show the % of potentially affected population obtained in the Indirect Analysis. As can be seen
in the legend, different color intensities represent the different scenarios with codes of the form
(RCPscenario_TimeHorizon_RiskType).
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Figure 17. Tree map representing the categorization of the most critical FUA to W&W treatment CI
disruption due to coastal flooding.
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Determining which are the most critical FUA in terms of underestimation of the
indirect risk to the population is of great relevance and usefulness for conducting accurate
risk analyses and developing climate change adaptation plans (in this case, to coastal
flooding exacerbated due to sea level rise and storm surges). Identifying the FUA with the
highest levels of risk derived from the indirect effects of CI disruption on the population
is not a trivial task. The high number of FUA (and the heterogeneity of these in terms of
their population scales) that present increases in affected populations, presents a challenge
when establishing risk levels or indicators that provide an accurate and coherent view of
the underestimation of risk in the different FUA.

However, considering the results obtained, London, Athens, and Barcelona have been
identified, for the analysis of the energy sector, as the FUA where the underestimation
of indirect risk is the most critical. On the other hand, for the analysis of the W&W
treatment infrastructures sector, London, Malmo, Antwerp, and Amsterdam stand out as
the most critical FUA. Considering the possibility that a coastal flood event could imply
the simultaneous interruption of the services provided by the CI of the two types studied,
in those FUA where CI of both types are located in potentially exposed areas, some FUA,
such as London, Lisbon, and Hamburg, have been identified as highly critical due to the
existence of two simultaneous sources of indirect risk for the population.

The graphs in Figures 18 and 19 are an alternative way of representing the comparison
between the percentages of population directly and indirectly affected in the different FUA,
also allowing the identification of coastal areas with a tendency to underestimate risk.
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Figure 18. Comparison between the percentage of direct and indirect risk in the FUA analyzed for
the energy sector infrastructures.

In the case of the analysis related to the energy sector infrastructures (Figure 18), it can
be observed that, based on the distribution of their FUA in the graph, most of the FUA with
high percentages of both direct and indirect risk are located on the coasts of the Greater
North Sea, while among the FUA with high percentages of indirect effects and very low
direct risk are most of those located on the coasts of the Mediterranean Sea and the Bay of
Biscay and the Iberian Coast.
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Figure 19. Comparison between the percentage of direct and indirect risk in the FUA analyzed for
the W&W treatment sector infrastructures.

Regarding the analysis of the W&W treatment infrastructures, the graph in Figure 19
shows that the distribution of the FUA based on the percentages of population directly and
indirectly affected by coastal flooding differs from that of the Energy sector. In this case, as
previously mentioned, there is a majority of FUA with low percentages of their population
affected by direct risk and percentages of indirect risk lower than 50%. This group includes,
mainly, the FUA located on the coasts of the Mediterranean and the Iberian Coast. The
most prevailing group along all sectors of the graph, i.e., the area with the highest risk
(both direct and indirect), is the FUA located along the coasts of the Greater North Sea,
including the Kattegat and the English Channel, being the most common geographical area
in the upper half of the graph (high percentages of population indirectly affected).

3.4. Main Findings of the Study

From the results obtained, it can be concluded that neglecting the indirect affection
on the population derived from CI normal functioning interruption caused by extreme
climate events, such as coastal flooding, implies the underestimation of risk and substantial
negative consequences on households, which can lead to poor adaptation planning.

The use of FUA as an approach to CI area of influence provides results that iden-
tify areas where this risk underestimation due to CI disruption might be critical. More
specifically, the results allow the categorization of coastal European FUA depending on
the cause of risk underestimation (as shown in Section 3.3 and in Figures 14 and 17). The
main underestimation of coastal flood-derived risk is identified in those areas where the
percentage of the directly affected population to this hazard is low, very low or even null.
Meanwhile, other FUA present a critical rise in borne risk due to the double exposure of
the population, both to the direct risk of flooding and to the indirect risk derived from the
loss of services provided by the affected CI.

The results obtained complement existing previous studies found in the scientific
literature, which have been considered in the conceptualization of this work. Concerning
the assessment of the area of influence of CI affected by any damage, the methodology
employed in this work complements and constitutes an alternative to other methods
commonly used previously by different authors such as [8,10,29,54,55]. Regarding the
results that highlight the relevance of considering the indirect impacts of coastal flooding,
the findings in this work are consistent with those presented by Lan et al. [14], contributing
to a better understanding of these impacts. Nevertheless, unlike most previous studies
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that address indirect impacts derived from coastal flooding at regional or local scales
(e.g., [14,56]), in this study, these impacts are analyzed at the European scale.

To our knowledge, there is no other study that establishes a comparison between
the potentially affected population due to the direct impact of coastal flooding and the
indirect impact due to CI disruption caused by this hazard. Therefore, these results cannot
be compared. In fact, the main contribution of this work relies on the fact that it highlights
the relevance of considering the consequences of CI failure due to EWEs on the population
in risk analyses, based on this comparison of the potentially affected population.

The novelty of the use of FUA as an approach to the area of influence of the analyzed
CI allows us to develop risk analyses considering indirect affection on the population
from climate-derived impacts when detailed information on the CI network connectivity is
not available or the interconnections are too complex to be modeled. FUA are consistent
spatial units, compared to other methods employed that require a detailed characterization
of the CI networks that is not always feasible, or that are less accurate with relation to
administrative and organizational characteristics in services provision, such as methods
considering a ratio of influence with a “buffer” method or Thiessen tessellation. Moreover,
this approach has allowed us to expand the analysis to the European scale, which had not
been previously carried out, with coherent results.

The main findings of this work highlight a dimension of risk borne by the population
that is largely ignored in conventional approaches to climate risk analysis, and which
has major implications for the design of measures and adaptation plans to the impacts of
extreme climate events, not only in the coastal regions of Europe, but also in regions whose
CI are affected by these impacts worldwide.

3.5. Sources of Uncertainties

Risk analyses that consider the indirect risk derived from the failure of CI on the
population present a great complexity derived from the high uncertainty inherent to the
processes and data used. Therefore, some hypotheses have been identified that may be
sources of uncertainty in the study and that should be improved in future work. The fol-
lowing assumptions have been established for the treatment of uncertainty in this analysis.

Regarding the user allocation to the infrastructures, we have assumed FUA as the
areas of influence of CI located in a certain geographical region, and the allocation of users
to the CI has been based on the number of CI in the FUA and, also, proportionally to the
economic impact of each CI. The degrees of affection of the CI in the face of a flood event
are not considered as a function of the flood depth, but the categories of “affected” or
“unaffected” are established.

Another potential source of uncertainty is not explicitly considering dependencies and
interdependences between the nodes of a CI network due to the lack of this information at
the European scale and for all the FUA considered. Also, for the future projections analysis,
current critical assets, as well as their current location, are considered. The lack of data
and studies regarding the presence and location of CI in the future is a potential source of
uncertainty in the analysis.

Existing coastal protections are not considered. This would imply that coastal flood
hazard is considered to exist in areas where this impact would be reduced by adaptation
actions through the construction of coastal protection infrastructures. However, this anal-
ysis has been considered appropriate from the point of view of the assessment of risk
underestimation, taking as a premise the fact that studies such as the one conducted by
Hallegatte et al. [5] state that, even though the improvement of coastal protection infras-
tructures reduces risk levels and the number of floods, the magnitude of losses generated
when a coastal flooding event occurs, mainly due to sea level rise and subsidence exceeding
adaptation levels, are up to 50% higher.

Additionally, since flood maps are highly influenced by the assumed levels of protec-
tion, relying on the protection standards considered may lead to underestimation of the
hazard by neglecting the reliability of the protections [57]. According to these authors, there
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are considerable variations in the extent of flood areas depending on the coastal protection
databases used (JRC or FLOODPROS), which would justify not considering these flooding
areas for our study.

4. Conclusions

The main purpose of this study has been to assess the influence of CI consideration in
risk analysis and how CI failure caused by extreme climatic events, such as coastal flooding,
may exacerbate the impacts on society. The main targets of the study have been assessing
the estimation of the potential number of users affected by CI disruption and highlighting
the underestimation of risk in certain areas where these infrastructures and their cascading
effects are not adequately approached. For this purpose, a methodology that assigns
potential users to CI, based on the FUA territorial unit has been applied to quantify the risk
increase derived from the disruption of these Cls, in terms of the population potentially
affected. The use of FUA as an approximation to the area of influence of CI, which is
proposed for the first time in this study, provides a spatially and administratively coherent
approach to estimating the area potentially affected by CI disruption.

The main novelty of the study lies in the fact that it provides, to our knowledge, the
first spatial assessment of coastal flood risk of CI for the whole European coastline. Our
analysis provides evidence for the need for CI consideration in risk analysis and the need
for further development of CI network assessment. The spatial approach in the risk analysis
developed in this study allows us to identify which regions face more risk than others,
allowing the optimization of adaptation policymaking. Therefore, the results provide a
guideline for optimal investments in flood protection of CI. As a major finding, potential
risk has been identified in regions that, in a first approximation, would not be considered as
particularly affected by coastal flooding. This methodology has made it possible to establish
a classification of European coastal FUA according to the degree of underestimation of risk
derived from the CI disruption they present. These findings provide a new scale of the
potential population at risk due to coastal flooding, highlighting the spatial propagation of
Cl disruption effects. Evidence is provided that the risk to the population from an EWE can
occur even when the source of the risk (in the case study, coastal flooding) does not affect
the population directly, but through the disturbance of the CI that provides basic services.

The large variations in risk identified in this study considering the population affected
by the disruption of CI exposed to coastal flooding imply a large tendency to underestimate
risk in prevailing risk assessments. In fact, a significant number of FUA along the European
coasts experience an increase in the population affected due to coastal flooding when
considering the indirect risk derived from the damage of CI: the number of indirectly
potentially affected populations can increase up to 4.5 times the directly potentially affected
population caused by the coastal flooding event of 1 in 100 years return period associated
with a RCP4.5-SSP2 (2021-2050) scenario, when the alteration of energy CI is considered.
The results obtained allow to characterize the criticality of each CI sector analyzed with
regard to the population that would be potentially affected in the event of the interruption
of their normal functioning due to a coastal flooding event, finding that, from the two
sectors analyzed, the FUA with energy CI in their flood-prone areas are those with the
greatest increase in population affected with respect to conventional approaches, with up
to 28% of the European FUA being affected by coastal flooding at extreme risk.

These findings are particularly relevant for their significant policy implications, specif-
ically regarding risk management and adaptation policies. Policymakers are provided with
new metrics to base their adaptation decisions on, with a holistic perspective of coastal
flood risk disruptions to CI and its effect on the European population. Results reveal the
necessity to increase the resilience (robustness, redundancy, resourcefulness, and rapid-
ity [58]) of CI networks and to improve urban planning and development to minimize
exposure and vulnerability of CI and citizens exposed.

Further research will attempt to look at how variations in the presence and location
of existing CI influences the exposure analysis and, also, to consider variations in urban
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development and demographics of FUA according to SSPs scenarios. Formulating cas-
cade effects through a network-based approach will open the possibility to include linear
infrastructures. Lastly, improvements in the accuracy and resolution of the datasets em-
ployed are proposed, for the characterization of CI and its exposure to coastal flooding.
More accurate and precise flood maps and Cl-gridded datasets would imply a substantial
improvement in the results and conclusions of this study. Equally relevant is the need to
consider the interrelationships between CI nodes of a network, i.e., increased risk due to
the breakdown of one CI leads to the failure of others outside the area directly affected.
Although this approach is out of the scope of the present study, the further characterization
of CI networks at the FUA level, but also at the national, international, and European levels,
would allow the development of risk analyses of this kind with much higher accuracy and
reliability. Therefore, we encourage the provision of precise data regarding the existent CI
network and its interdependencies. In addition, assessing the vulnerability of the study
area, considering the resilience through socio-economic indicators representative of the
adaptive capacity to cope with the impact(s) analyzed, is also highlighted.

Considering the results obtained, which show the general trend of underestimating
the risk faced by European societies, there is an urgent need to improve climate risk
management and planning. Additionally, these findings and conclusions form evidence to
support the ongoing policy efforts to optimally mitigate and adapt to climate-derived risks.
Possible applications of the metrics and methodologies developed can be its implementation
to exposure and risk analysis in other geographical areas and consideration of other natural
hazards or even the simultaneous combination of several hazards by employing multi-
impact indicators.

Despite the limitations of the study and the need for further research, the authors con-
sider the findings achieved as a crucial contribution and a starting point for the elaboration
of strategic adaptation plans and for climate adaptation decision-making processes that
adequately approach the indirect risk faced by CI users along the European coastal areas,
taking into consideration the concept of “risk underestimation”.
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Appendix A

In this appendix various maps representing the percentages of the population at risk
due to coastal flooding for 100 yr return period flood maps for different RCP-SSPs scenarios
and time horizons are provided, considering (a) direct risk; (b) indirect risk due to CI
disruption; and (c) the risk increase between the direct and indirect risk assessments, for the
case studies of energy sector infrastructures and water and waste treatment infrastructures.

Appendix A.1. Direct Risk

The maps presented in Figure A1, show the percentage of the total population in each
FUA affected by coastal flooding, considering the “affected population” located in flooded
areas, classified in low, medium, high, and extreme levels of direct risk. From the results,
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it can be inferred that, for most of the FUA along the European coast, the direct risk of
flooding is mainly low, with the exception of the area comprising the regions bordering the

Greater North Sea and the surrounding areas.
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Figure A1. Maps representative of the direct risk of coastal flooding faced by the European population.
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Appendix A.2. Indirect Risk

A general overview of the results shown in the following maps in comparison to the previ-
ously presented direct risk map outlines the extreme risk increase in certain FUA. The analysis
of the risk increase for each CI type is made individually, since the characteristics of each kind
of CI network require a particularized interpretation. The maps in Figures A2 and A3 show
the percentage of FUA's total population indirectly affected by coastal flooding.
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Figure A2. Maps representative of the indirect risk faced by the European population derived from
energy infrastructures’ disruption.
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Figure A3. Maps representative of the indirect risk faced by the European population derived from
W&W treatment infrastructures’ disruption.

The maps representing indirect risk show functional areas where only the component
of risk associated with CI failure is accounted for, which does not imply the absence of risk,
as there may still be a direct risk, which is not considered in these maps in order to avoid
double counting the affected population.
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Appendix A.3. Risk Increase

In order to clearly present the risk increase in certain areas when CI is considered
in risk analysis the maps in Figures A4 and A5, showing the percentage of disrupted
population increase due to CI failure, have been developed.
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Figure A4. Maps representative of the percentage of risk increase due to energy infrastructures’

failure consideration.
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Figure A5. Maps representative of the percentage of risk increase due to W&W treatment infrastruc-
tures’ failure consideration.

Appendix B.

In this appendix, the complete list of European FUA comparing the percentages of
directly and indirectly potentially affected populations is provided (for both case studies:
regarding energy sector infrastructures and W&W treatment sector infrastructures).
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Figure A6. Comparative graph of the percentage of direct and indirect risk to the population in the
European FUA in the study of energy sector CI’s disruption derived from coastal flooding hazards.
In a yellow—green color scale, the results of the % potentially affected population obtained in a Direct
Analysis are shown, while in an orange-purple color scale, the results show the % potentially affected
population obtained in the Indirect Analysis. As can be seen in the legend, different color intensities
represent the different scenarios with codes of the form (RCPscenario_TimeHorizon_RiskType).
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Figure A7. Comparative graph of the percentage of direct and indirect risk to the population in
the European FUA in the study of W&W treatment sector CI’s disruption derived from coastal
flooding hazards. In a yellow-blue color scale, the results of % of potentially affected population
obtained in a Direct Analysis are shown, while in an orange-purple color scale, the results show

the % of potentially affected population obtained in the Indirect Analysis. As can be seen in the

legend, different color intensities represent the different scenarios with codes of the form (RCPsce-

nario_TimeHorizon_RiskType).
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