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x A W oN

Abstract: Water Infrastructure (WI) incorporating water supply, wastewater, and stormwater systems is
vulnerable to Climate Change (CC) impacts that can disrupt their functionality; thus, WI needs to be adapted
to CC. In 2021 the European Commission (EC) released the technical guidelines on “Climate-proofing
Infrastructure” that include mitigation and adaptation strategies; these guidelines and the relevant guides that
followed, focus mainly on CC aspects without examining sufficiently the engineering features of WI that are
described mainly in the relevant hydro-environment research; this research is vast and includes various
terminologies and methods for all aspects of CC adaptation. The adaptation procedure of WI to CC can be
significantly improved when this research is known to guidelines’ developers. To facilitate this knowledge
transfer, we performed a review on the hydro-environmental research that we present in this paper as follows:
firstly, we introduce and typologize the climate hazards for WI systems and identify the most important of
them in the Mediterranean Region that we classify into seven groups; then, we classify the hydro-
environmental research into five categories that is based on the EC guidelines, present the main aspects for
each of these categories, discuss the future research, and finally we summarize the conclusions.

Keywords: climate change adaptation; water infrastructure; climate proofing; climate risk and vulnerability
assessment

1. Introduction

Infrastructure embraces a wide array of elements including structures, networking frameworks,
and an assortment of constructed systems and assets [1]. European Critical Infrastructure (ECI) [2] is
defined as “an asset, system or part thereof located on EU territory, which is essential for the
maintenance of vital societal functions, health, safety, security, economic or wellbeing of people, and
the disruption or destruction of which would have a significant impact on at least two Member States,
as result of the failure to maintain those functions. The Critical Entities Resilience Directive (CER) of
the European Union [3] presents a comprehensive approach aiming to reduce their vulnerabilities
and strengthen their physical resilience for the provision of vital services on which the livelihoods of
EU citizens and the proper functioning of the internal market depend. Water Infrastructure (WI) that
incorporates water supply, wastewater, and stormwater systems is one of the most significant sectors
of the critical infrastructure, because it provides essential services to our communities and plays a
vital role in maintaining our health and safety by preventing flooding and keeping our water courses
clean. Resilient Wlis considered as mandatory for the health and well-being of modern societies [4];
it is directly linked to the Sustainable Development Goals (SDGs) adopted by the United Nations
General Assembly in 2015, which include “ensuring healthy lives and promoting well-being for all at
all ages” (SDG3), “ensuring availability and sustainable management of water and sanitation for all”
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(SDGS), and “building resilient infrastructure, promoting inclusive and sustainable industrialization
and fostering innovation” (SDGY).

Water Infrastructure is vulnerable to climate hazards that can disrupt their functionality [5].
Following the IPCC categorization [6] and the typology proposed by Stamou [7,8], the general
categories and types of climate hazards for WI systems are shown in Table 1. Table 1 depicts that
there are five categories of hazards: Heat & Cold (HC), Wet & Dry (WD), Wind & Air (WA), Coastal
(C) and Snow & Ice (SI). Based on the EU Taxonomy [9] these hazards are related to (1) temperature,
(2) water, (3) solid mass, and (4) wind and chronic or acute. As expected, the types of chronic hazards
are represented by mean values of the corresponding hydro-meteorological variables, while acute
hazards by their extremes. For example, the categories of chronic hazards of Heat & Cold (HC), Wet
& Dry (WD), Wind (W) and Coastal (C) are represented by the corresponding mean values of air
temperature (HC1), precipitation (WD1), wind speed (W1), and relative sea level (C1), while the
corresponding quantities of extreme hazards are (1) extreme heat (HC2) or cold spells and frost
(HC3), (2) heavy precipitation (WD2) and flooding (WD3) or drought (WD6), (3) severe windstorm -
maximum wind speed (W2), and coastal flooding (C2). The mean values of chronic hazards can be
daily, monthly, seasonally, or annually average.

Table 1. Categories and types of climate hazards for WI systems.

Category of
hazard based on Symbol  Type of hazard
IPCC [6]
Heat & Cold HC1 Mean air temperature (increase)
(HO) HC2 Extreme heat- Heat waves

HC3 Cold spells and frost
WD1 Mean precipitation (decrease)
WD2 Extreme precipitation

WD3 Flooding (fluvial and pluvial)
WD4 Aridity
Wet & Dry (WD) WD5 Drought
WD6 Wildfires
WD7 Soil erosion
WD8 Landslide (incl. mudflows)
WD9 Land subsidence
WD10 Water temperature

Wind & Air WAI1 Mean wind speed (increase)
(WA) WA2 Extreme winds
WA3 Air quality (change)

C1 Relative (mean) sea level (rise)
C2 Coastal flooding

Coastal (C) C3 Coastal erosion
C4 Saline intrusion
C5 Sea water temperature (& marine heat waves)
C6 Sea water quality (incl. salinity and acidity)

. SI1 Snow and land ice
Snow & ice (31) SI2 Avalanche

Based on the literature, the most important climate hazards for WI systems in the Mediterranean
region can be categorized into the following seven groups:
1. Mean air temperature increase (HC1) [10,11], and extreme heat - heat waves (HC2) [12].
2. Mean precipitation decrease (WD1), aridity (WD4) and droughts (WD5) [11,13-17].
3. Extreme precipitation (WD2) and flooding (WD3) [11,18,19].
4. Wildfires (WD6) [20-22].
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5. Soil degradation, such as erosion (WD?7) and landslides (WDS8) [14].
Extreme winds (WA2), including medicanes and sandstorms [14,23].
7. Coastal hazards, including sea level rise (C1) [11,14,23,24], coastal flooding (C2) and erosion (C3)

[25].

Due to Climate Change (CC), the above-mentioned climate hazards are expected to intensify in
Europe and in the Mediterranean region during the 21st century [26]. According to the IPPC’s fact
sheet for Europe [27]: (1) the current 1.1°C warmer world is already affecting natural and human
systems in Europe, (2) impacts of compound hazards of warming and precipitation have become
more frequent and (3) largely negative impacts are projected for southern regions. IPPC [28]
identified the following four key risks for Europe, with most becoming more severe at 2°C Global
Warming Levels (GWL) compared with 1.5°C GWL in scenarios with low to medium adaptation: (1)
mortality and morbidity of people and changes in ecosystems due to heat, (2) heat and drought stress
on crops, (3) water scarcity, and (4) flooding and sea level rise. Very recently, EEA [29] performed a
European climate risk assessment and reported: (1) Europe is the fastest-warming continent in the
world; extreme heat, once relatively rare, is becoming more frequent, and (2) precipitation patterns
are changing; downpours and other precipitation extremes are increasing in severity, and recent
years have seen catastrophic floods in various regions, while at the same time, southern Europe can
expect considerable declines in overall rainfall and more severe droughts. Moreover, EEA [29]
identified and assessed 36 major climate risks with potentially severe consequences across Europe
and grouped them into five broad clusters: (1) ecosystems, (2) food, (3) health, (4) infrastructure, and
(5) economy and finance.

Climate change effects are expected to intensify in the Mediterranean region during the 21st
century [26]. Projected climate patterns indicate a rise in both air and ocean temperatures, surpassing

a

the global mean, with an emphasis on a notable increase in heatwave occurrences. By the end of this

century, land temperatures are expected to warm by an average of 0.9 to 5.6 °C, in comparison to the

latter two decades. Recent observations and modelling highlighted the Eastern Mediterranean as an
important CC hotspot. A more analytical description of the expected behavior of the above-
mentioned seven groups of climate hazards is as follows:

8. Mean air and sea temperature (HC1) and their extremes (HC2 and HC3). These are likely to
continue to increase more than the global average; heat waves on land (HC2) and in the sea will
intensify in duration and peak temperatures [30]. The Mediterranean region is warming 20%
faster than the global average, while water temperature is expected to rise by between 1.8°C and
3.5°C by 2100 with hotspots in Spain and in in the Eastern Mediterranean [26]. With the ongoing
warming of the global climate, the marine hot spells (HC3) are expected to continue increasing
and marine cold spells to decrease in frequency, intensity and duration over the coming decades
[31]. Furthermore, the frequency and intensity of marine cold spells declined globally over the
last four decades, with no exception in the Mediterranean Sea [32].

9. Mean precipitation decrease (WD1), aridity (WD4) and droughts (WD5). Mean precipitation will
likely decrease in most Mediterranean areas by 4-22% [30]. An increase of 2°C to 4°C would
reduce precipitation by up to 30% in Southern Europe [26]. Droughts (WD6) are projected to
become more severe, more frequent, and longer under moderate emission scenarios, and
strongly enhanced under severe emission scenarios [30]. Drier conditions ( WD4) are to be
expected in the future along a wide zone in southern Europe, including Spain, Italy, Bulgaria,
Greece and Turkey, as well as in Northern Africa, towards the end of the century [33].

10. Extreme precipitation (WD2) and flooding (WD3). Heavy precipitation (WD2) and rainfall
extremes will likely increase in the northern part of the region potentially accompanied by an
increase of flash floods [30].

11. Wildfires (WD6). The frequency of heat-induced fire-weather is projected to increase by 14-30%
by the end of the century (2071-2100) suggesting that the frequency and extent of large wildfires
(WD9) will increase throughout the Mediterranean Basin [34]. Increasing heat waves, combined
with drought and land use change, reduce fuel moisture, thereby increasing fire risk, extending
the duration of fire seasons and increasing the likelihood of large, severe fires [35-38].
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12. Soil degradation (WD?7) and landslides (WD8). The Mediterranean region has been identified as
particularly vulnerable to soil degradation [39]; it has the overall highest erosion rates within the
EU [40], the lowest levels of soil organic matter [41] and severe salinization problems [42]. The
observed and expected decrease in mean precipitation (WD1) due to CC is accompanied by an
increase of extreme precipitation (WD2), flooding (WD3) and subsequently increased erosivity
[43]. In tropical and sub-tropical regions, the on-site impacts of soil erosion dominate, and are
manifested in very high rates of soil loss, in some cases exceeding 100 t ha-! yr-! [44,45], while in
temperate regions, the off-site costs of soil erosion are often a greater concern; for example,
siltation of dams and ponds, downslope damage to property, roads and other infrastructure [46].

13. Extreme winds (WA2). Mid-latitude cyclones and medicanes are projected to decrease in
frequency, but medicane intensity will likely increase [30].

14. Coastal hazards. The mean sea level (C1) has risen by 6 cm over the past 20 years; this trend is
likely to accelerate (with regional differences) by the global rate of 43 to 84 cm until 2100, but
possibly more than 1 m in the case of further ice-sheet destabilization in Antarctica [26]. Sea level
rise already impacts extreme coastal waters around the Mediterranean and it is projected to
increase the risk of coastal flooding (C2), erosion (C3) and saline intrusion (C4) [30]. Coastal
flood risks (C2) will increase in low-lying areas along 37% of the Mediterranean coastline [30].
The duration and intensity of marine heat waves are projected to continue increasing in the
future [47]. Acidification (C6) is projected to continue [48], with a pH decrease of up to -0.46 in
a high emission scenario Salinity is projected to increase from +0.48 to +0.89 psu by the end of
the century [49].

Currently, in most of the European countries, the design, construction, operation and regulatory
standards of WI systems typically do not account for CC impacts. In 2021 the European Commission
(EC), aiming at fostering the development of resilient, climate-proof infrastructure released the
Technical Guidelines on “Climate-proofing Infrastructure” for the period 2021-2027 [1]. These
guidelines incorporate both CC mitigation and adaptation strategies and mainstream climate
considerations in future investment and development. The EC Technical Guidelines, as well as the
relevant guides for WI that have been recently published [50-53] are based on the relevant EC official
documents and IPCC’s reports [28].

They are systematic and practical focusing mainly and in detail on aspects related to climate hazards

without examining at the required detail the engineering aspects of the WI regarding climate

adaptation, which are based mainly on the relevant hydro-environment research performed in

Universities and Research Institutes, unless these are part of the official EU or of national documents

[50]. This research is vast and includes a variety of terminologies and methods for practically all

aspects of CC adaptation by specialized researchers and experienced engineers; thus, the adaptation

procedure of WI to CC can be significantly improved and be more effective when this research is
known to the scientists developing these guidelines and thus to the decision makers. To facilitate this
knowledge transfer, we performed a review on the hydro-environmental research that we
typologized and present [7,8] in this paper. The present work is structured into four main sections.

Section 1 provides the introduction that includes the identification of the most important climate

hazards on WIin the Mediterranean Region, which are classified into seven groups. Section 2 presents

the grouping of the hydro-environmental research into five categories, and indicative impacts of the
seven groups of climate hazards on WI Section 3 deals with the presentation of the hydro-
environmental research of the five categories and the corresponding research areas with indicative

cases. Section 4 includes the discussion and proposals for future research and section 5 offers a

summary of the key conclusions drawn from this research.

2. Materials and Methods
2.1. Methodology

The typologized categories and areas of hydro-environmental research, which correspond to the
five steps of the adaptation procedure of infrastructure to CC and are consistent with the EC Technical
Guidelines, are shown in Table 2 [54].
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According to this typology, the hydro-environment research is classified into the following five
categories, which are based on the EC guidelines and correspond to the five steps of the adaptation
procedure of WIto CC

Table 2. Categories and areas of hydro-environmental research [7].

Categories

Research areas

I

Description of Water
Infrastructure

(a) Identification of the main components of the WI and selection of their time
scale, (b) identification of the potential hazards for each WI component, and (c)
selection of the corresponding climate indicators for each hazard.

II

Climate Change Assessment

(a) Selection of climate change scenarios, and (b) estimation of the values of
indicators for each climate scenario.

III Vulnerability Assessment

(a) Sensitivity analysis, (b) exposure analysis, (c) adaptive capacity analysis,
and (d) vulnerability analysis.

v

Risk Assessment

(a) Likelihood analysis, (b) impact analysis, and (c) risk analysis.

\%

Assessment of Adaptation
Measures

(a) Identification of the adaptation options, (b) their appraisal, and (c) their
integration into the design and the operation of the WI system.

2.2. Indicative Impacts of Climate Hazards on Water Infrastructure

In section 1 we have identified based on the literature the most important climate hazards on WI
systems that were categorized into seven groups. To illustrate this identification, indicative possible
impacts of these groups of hazards on WI systems are presented in Table 3. For specific WI systems,
an estimation of possible impacts for all potential hazards and all components of the WI system (see
section 3.1.1) is often required.

Table 3. Indicative possible impacts for WI systems for the seven groups of climate hazards.

Groups of climate
hazards

Indicative possible impacts of climate hazards on WI systems

Mean air
temperature increase
(HC1) & extreme
heat (HC2)

Increased water demand [55]; damage to concrete structures, such as channels; expansion of
metal elements, such as valves [56,57]; faster biochemical reactions in wastewater transport
systems, pumping stations and treatment units; increased production of odors; increased
quantities of sludge in wastewater treatment plants (WWTPs) [23]; deterioration of
effluent quality due to increased aeration needs in WWTPs [58,59]; stronger density
currents in secondary settling tanks [60]; increased air-conditioning requirements in
buildings [61]; damage to energy networks [62]; increased vegetation in reservoirs and
dams resulting in increased evapotranspiration, increased reduction in reservoir capacity
and blocking of spillways; enhanced growth of algae, microbes, parasites, and invasive
species in fresh water; increased siltation in small reservoirs [56,63].

Heavy precipitation
(WD2) & flooding
(WD3)

Increased production of erosion deposits intensifying siltation of water reservoirs [56,63];
increased frequency of sewer overflows due to increased extreme rainfalls [18,64-67];
increased quantities of suspended matter and debris causing cracks on pipes, sewer

blocking, clogging and breakage [68] and sewer overflows [69,70]; flooding and pollution of
receiving waters increasing exposure risks of residents to wastewater-borne pathogens
[18,64-67]; inundation and pollution of treatment units and buildings of WWTPs [61];
reduced hydraulic retention times in wastewater treatment units; increased concentrations
of suspended matter and debris; blocking of inlet and outlet structures; increased odor
emissions in wastewater treatment units; levee and embankment failures; increased
overflows and increased blockages and breakages [23]; increased risk for overtopping of
dams and deterioration of water quality in reservoirs [56]; increased turbidity and nutrient

doi:10.20944/preprints202411.1480.v1
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loadings in reservoirs due to rain events [71]; disruption of access roads to support safety
and operations [72].

Increased pollutant concentrations in transportation networks and treatment processes in
WWTPs due to lower flowrates; increased sedimentation of suspended matter and

Mean precipitation . . . . . .
precip increased corrosion, blockage, increased emission of odors [23]; lower river flows reducing

d WD1), s . .
a:ijfas(er/DZ) &)t the ability to abstract from and discharge to the environment [56]; reduced water volumes,
v increased concentration of pollutants, lower water quality in reservoirs, reduced yields,

drought (WD5) . o .

increased demand for water for irrigation and environmental uses [56]; damage to energy

networks due to land subsidence [62].

Increased amounts of sediment, nutrients and other constituents discharged to streams

Wildfires (WD6) and reservoirs after a wildfire [73]; electricity failure and damages in units of WWTPs and

energy networks [74]; damages to transportation infrastructure [75]; increased surface water
contamination after wildfires including the impact of fire retardants [76,77].

Reduction of reservoir capacity and deterioration of its water quality due to increased
Soil erosion (WD7)  sediment quantities [78]; increased risk for landslide-induced surge development that is one

& of the main causes for dam overtopping [79]; increased concentrations of suspended solids
landslides (WD8) that reduce the effectiveness of disinfection systems [80]; damages to energy networks
[62].

Saltwater intrusion and inundation due to increased coastal water table; acceleration of the
corrosion of concrete and steel constructions [81-83] and [84]; increased inland

Sea level rise (C1), groundwater table leading to ground water infiltration into sewers through cracks in old
coastal flooding (C2) sewer pipes [85]; deterioration of networks by salt water [80]; floating of pipes due to
erosion (C3) & saline increased groundwater level; flooding, inundation and damage to infrastructure

intrusion (C4) [23]; damage to energy networks [62]; increased temperature, combined with increased
salinity and humidity, accelerates deterioration on concrete structures, such as bridges and
roads [75].

3. Presentation of the Hydro-Environmental Research
3.1. Research on the Description of Water Infrastructure
3.1.1. Components of the Water Infrastructure and Their Time Scales

Every WI system consists of a series of components, such as pipes, pumps, tanks and buildings.
In the adaptation procedure to CC, a WI system needs to be broken into components; then, (i) the CC
impacts on each component are determined, and (ii) the vulnerable components whose risk is high
are identified, so that proper adaptation measures are proposed to reduce this risk. The determination
of the components of WI systems is a practical and technological task that should be systematic and
typological; it is usually performed by professional engineers-experts, who design, construct and
operate specific WI system in cooperation with researchers specialized in these systems.

Currently, there is no standard procedure to determine the components of a WI system.
Moreover, due to the technological nature of this task, the relevant publications are very limited and
usually in the form of roadmaps [86], guidelines [1], and guides [50-53]. The World Bank [86] created
a structured road map for WI systems, in which it is stated that the first step on the path to resilient
design is to determine the appropriate unit of analysis, referred to here as the “component.” The
component to be made resilient may be a water treatment plant or perhaps a part of the distribution
network. World Bank—financed projects typically include multiple components, and these units of
analysis need to be identified in advance and standardized aiming at the assessment of quickly how
vulnerable the components under scrutiny are to climate change or natural disasters. Furthermore,
the Cybersecurity and Infrastructure Security Agency (CISA) of USA has established a water
infrastructure taxonomy [87] and identified more than fifty WI assets including protective elements
[87]. Jaspers [50] in its very systematic sensitivity analysis for water and wastewater projects proposed
the following general components for the four key themes of used in the sensitivity analysis (see
section 3.3):
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e Inputs, such as water sources, river or groundwater abstractions, treatment chemicals and
human resources.

e  Assets, such as supply pumps, water supply network, water intakes, discharge outlets, WWTPs,
sewerage network, water storage and distribution network, combined sewer systems and
outlets, control systems, existing network of pipes, pumps, tanks, and any other element
required for the operation of the proposed project.

e  Processes, such as pumping and supply from sources, water treatment and controls, clean
treated water storage, water distribution and wastewater treatment.

e  Outputs, such as clean drinking water, sustainable water supplies, treated effluent, waste
products, sewage sludge.

e Interdependencies, such as power supply, access roads.

Regarding the time scale of a WI project, it is usually assumed to be equal to its Design Working

Life (DWL); according to Eurocodes, DWL is defined as “the period for which the structure shall be

used with anticipated maintenance but without major repair” [88]. The scale of WI systems, which

can be different for its various components, is usually of the order of 100 years and determines the

CC scenarios that need to be considered in the vulnerability and risk assessments.

3.1.2. Indicators for Water Infrastructure

A literature survey was performed on climate indicators for WI that revealed the following: (1)
there exists a significant number of research works in the literature on indicators that are related to
WI, (2) the number of works on indicators for specific WI projects is very limited, and (3) the most
common climate hazards examined in these research works are: mean air temperature increase
(HC1), extreme heat - heat waves (HC2), mean precipitation decrease (WD1), extreme precipitation
(WD2), flooding (WD3), aridity (WD4) and drought (WD?5). Table 3 summarizes the indicators, which
are commonly used in water resources management (mainly agriculture/irrigation), water supply,
stormwater and wastewater projects, and the corresponding references, in which these indicators are
defined by specialized organizations, such as IPCC [89], WMO [90] and ETCCDI [91].

Table 3. Indicative climate indicators for Water Infrastructure projects and corresponding references.

Water Water Storm Waste-
Climat resources suppl -water ter
rmate Climate Indicator/Units ¢ ce I?P y wa.e waf ¢
Hazard management  projects projec projects
projects ts

Temperature: annual average; intra annual
variance; annual mean; seasonal mean; monthly [92] [92] [92] [10,92,93]

Mean . .. o
] maximum, average, minimum (°C)
air . . .
Monthly maximum value of daily maximum
tempera . .
ture temperature; monthly minimum value of daily [94]

increase maximum temperature (°C)

(HC1) Number of events per year with 3, 5 or 7 [95] [95]

consecutive days with temperature between two
&
values, e.g. 38 and 41°C, or greater than a value,

extreme o

heat e.g. 38°C

Number of days per year with temperature greater [95] [95]
(HC2)
than a value, e.g. 38°C
Warm spell duration index (days) [96]

Mean Simple precipitation intensity index (mm/d) [97-101] no2103; D921 400103
precipit ple precip y ’ 03] ’

ation Consecutive dry days [92,98- [101,1
decreas 101,104,105] [102,105] 02] [102]

e Aridity actual/ Aridity index [92] [106]
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8
(WD1), . o [105,1
P I PI). SPI-3 f 105,109-
iy SendmzedTpinton e SED SIS0 s U910 o g
(WD4) ' 112]
and Duration of meteorological droughts based on SPI-
[92] [113]
drought 3 (months)
s (WD5)  Magnitude of meteorological droughts based on [(92,105] [105]
SPI-3
Standardized Streamflow Index (months) [104] [114]
. [105,110,1
Standardized Runoff Index (SRI) (months) [105] 15]
Low Flow (LF) index (m?3/s or days) [105] [105]
Standardized Precipitation Evapotranspiration
Index (SPEI) (months) [107] [1H] [111] [1H]
Palmer drought severity index (months) [110]
Duration of soil moisture droughts (months) [92]
Duration of short- and long-term hydrological
droughts; based on SRI (months) [105] [105113]
Annual totaTl precipitfatio'n (mm) in wet days [98,99,104]
(daily precipitation > 1 mm)
Annual total precipitation (mr'n) in very wet days [99] [116] [116] [116]
(> 95 percentile)
Annual total precipitation (mm) in extremely wet
days [92,99]
(> 99th percentile)
Contribution to total precic}))itation from very wet (97,98,100] [103] [103] [103]
days (%)
Extreme Contribution to total precipitation from extremel
precipit preciptie y [98] [103]  [103] [103]
ation wet days (%)
(WD2) Number of wet days (daily precipitation > 1 mm) [100,101] [101]
and Number of very wet days (> 95t percentile) [117] [69f,117(]) [93,117]
ﬂ d. 7
02 M Number of extremely wet days (> 99t percentile) [92]
. ¢ .
(WD3). Maximum Tlumbelj 0‘ CcTnsecutlve wet days [98-101] [102] [102] [102]
(daily precipitation = 1 mm)
Maximum consecutive 5-days (or 1 day) [102,103,1 [102,1
" e Y y [92,97,99,101] 7 03,116 [102,103,116]
precipitation (mm) 16] |
Number of heavy precipitation days [97'98'}01'104 [118] [118]
Number of very heavy precipitation days [98-101] [102] [102] [102]
River Flood Index using runoff; daily river flow [92] [92]

for T=100 years (m?/s)

3.2. Research on Climate Change Impact Assessment

Climate change assessment is critical to understanding the potential impacts on WI, particularly
in regions like the Mediterranean, where climate variability is expected to intensify; see section 1.
Research in this domain has evolved to incorporate a variety of methodologies, each aiming at
providing a comprehensive understanding of how CC will affect WI systems. Climate change
assessment involves the use of climate models that serve as the foundation for predicting future
climate conditions. These models, including General Circulation Models (GCMs) or Earth System
Models (ESMs) and Regional Climate Models (RCMs), are integral to simulating temperature,
precipitation, and other climatic variables at different spatial and temporal scales.
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Climate change impact assessment studies have increasingly focused on downscaling these
models to regional scales to better capture localized impacts. This is particularly important for the
local nature of the exposure unit under study, i.e. the WI systems, where microclimatic variations can
significantly influence water availability and quality. For instance, Lionello and Scarascia [119] have
emphasized the need for high-resolution RCMs to accurately project future climate scenarios in the
Mediterranean region; these models are often coupled with hydrological models to assess the
potential impacts on water resources, such as river flows, groundwater recharges, and reservoir
levels. This integration is crucial for understanding the full extent of CC impacts on W1, as highlighted
by the research works of Arnell and Delaney [120], who demonstrated the significant influence of
changing precipitation patterns on water supply systems in the UK, and Koutroulis et al. [15], who
examined the future impacts of altered precipitation patterns on water resources in Crete, revealing
severe declines in water availability under various climate scenarios.

Case studies from the Mediterranean region emphasize the importance of localized assessments
in developing effective adaptation strategies for WI systems. For instance, Nogherotto et al. [121] used
integrated climate-hydrological modeling in the Po River Basin to inform flood protection
infrastructure. Similarly, Rocha et al. [122] examined the impact of CC on reservoirs in southern
Portugal, revealing potential water quality issues that could compromise their effectiveness. In
Turkey, Gorguner and Kavvas [123] highlighted how CC could lead to significant water storage
challenges in reservoirs, especially during peak irrigation seasons. Ertiirk et al. [124] focused on the
vulnerability of groundwater-dependent infrastructure in the Kdycegiz-Dalyan Watershed, where
reduced groundwater recharge could undermine water supply systems. Additionally, Pool et al. [125]
explored the transition from flood to drip irrigation in Spain, illustrating how infrastructure
adaptation can mitigate climate impacts though trade-offs, such as reduced groundwater recharge.

Despite significant progress in understanding the impacts of CC on water resources and related
WI, it is essential to approach the results with caution. Future climate projections and their
implications are inherently subject to uncertainty, which arises at various stages of the modelling
process. These uncertainties can stem from the initial climate models themselves, the downscaling
techniques used to apply global models to regional scales, and the assumptions made during the
integration of these models with hydrological and infrastructure simulations. In addition the CC
scenarios injected in the simulations are also a source of uncertainty [126].

The assessment of CC impacts on WI involves a multidisciplinary approach that integrates
climate modeling, hydrological analysis, and risk assessment. The ongoing challenge is to refine these
methodologies to reduce uncertainties and improve the reliability of predictions, thereby enabling
more effective planning and management of water infrastructure in the face of CC; see section 4.

3.2.1. Selection of Climate Change Scenarios

The selection of CC scenarios is a crucial step in assessing the potential impacts of CC on WI.
Climate scenarios are projections of future climate conditions based on different assumptions about
greenhouse gas (GHG) emissions, socio-economic developments, and land-use changes. These
scenarios are essential for understanding the range of possible future climates and for planning
appropriate adaptation measures.

One of the most used frameworks for climate scenario development is the Representative
Concentration Pathways (RCPs), which represent different levels of radiative forcing by the end of
the century. The RCPs, developed by the Intergovernmental Panel on Climate Change (IPCC),
include pathways such as RCP2.6 that assumes strong mitigation efforts leading to low GHG
concentrations, and RCP8.5 that represents a high-emission scenario with little to no mitigation [127].
These pathways are instrumental in projecting future changes in temperature, precipitation, sea level,
and extreme weather events.

The selection of appropriate RCPs for WI adaptation to CC in the Mediterranean region requires
careful consideration of several factors. Firstly, it is important to select scenarios that cover a wide
range of potential future conditions, from the most optimistic to the most pessimistic outcomes; this
ensures that infrastructure planning is resilient under various future climates. Additionally, the
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selected scenarios must be relevant to the specific vulnerabilities of the Mediterranean region, where
changes in precipitation patterns, increasing temperatures, and rising sea levels are expected to pose
significant challenges [128]; see also section 1. For example, Furlan et al. [129] utilized RCP8.5 to
assess the potential impacts of extreme sea level events on coastal infrastructure in Italy and
highlighted the severe risks associated with high-emission scenarios. In contrast, Koutroulis et al. [15]
demonstrated the potential benefits of lower-emission scenarios, such as RCP2.6, in reducing the risks
associated with droughts and heatwaves in East Mediterranean islands.

The process of scenario selection is not without challenges. One of the main difficulties lies in
balancing the need for detailed, high-resolution projections with the practical constraints of applying
these outputs in impact assessments. Furthermore, the inherent uncertainty in long-term climate
projections makes it difficult to predict specific outcomes with high confidence. As such, the use of
multiple scenarios, along with sensitivity analyses, is often recommended to capture the range of
possible futures and to inform robust decision-making [130,131].

The selection of CC scenarios is a fundamental aspect of climate impact assessments for WI. By
choosing scenarios that reflect a range of possible futures and that are tailored to the specific climatic
conditions of the study region, researchers and planners can better anticipate the challenges ahead
and develop more resilient WI systems.

3.2.2. Estimation of the Values of Climate Change Indicators

The estimation of CC indicators is a critical step in assessing the potential impacts of CC on WI.
These indicators, which include variables such as temperature, precipitation, sea level rise, and
extreme weather events, provide the quantitative basis for understanding how CC might affect water
resources and infrastructure. To estimate these indicators, researchers and practitioners typically rely
on outputs from climate models, which simulate future climate conditions under different scenarios.
For example, mean annual temperature and precipitation changes are commonly derived from GCMs
and RCMs, which provide projections at various spatial and temporal scales. These models are
particularly useful in capturing the large-scale patterns of CC, but they are often downscaled to
regional levels to improve the accuracy of local impact assessments [132,133].

The process of downscaling is crucial for WI assessments, where local climate conditions can
differ significantly from the broader patterns predicted by global or regional models. Statistical
downscaling techniques, such as bias correction and empirical-statistical modeling, are often
employed to refine model outputs, making them more applicable to specific geographic areas [134].

Once the climate model outputs are refined, the next step is to translate these outputs into
relevant indicators for WI. This involves calculating specific metrics, such as the number of extreme
heat days, changes in the frequency and intensity of heavy rainfall events, and the projected sea level
rise. Indicative climate indicators for WI projects are shown in Table 10 (section 3.1.2). These
indicators are then used in vulnerability and risk assessments (section 3.3) to evaluate the potential
impacts on different components of WI systems, such as reservoirs, WWTPs, and distribution
networks. The estimation of climate indicators also involves dealing with uncertainties. Climate
models are inherently uncertain due to limitations in data, model structure, and the unpredictable
nature of climate systems. To address these uncertainties, researchers often use ensemble approaches,
combining the outputs of multiple models to create a range of possible outcomes.

The estimation of CC indicators is a vital part of assessing the impacts of CC on WI. By using
advanced climate models and downscaling techniques, researchers can produce reliable estimates of
how key climate variables are likely to change.

3.3. Research on Vulnerability Assessment of Water Infrastructure
3.3.1. Definitions and Initial Comments

The vulnerability of a WI system to a climate hazard can be defined as the predisposition of the
WI to be adversely affected by this climate hazard considering its capacity to adapt [135]. Typically,
vulnerability assessment combines the analyses of sensitivity, exposure and adaptive capacity (see
also Table 2). The sensitivity of a WI system to a climate hazard can be defined as the degree to which
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the WI and its components are affected by this climate hazard, while the exposure of a WI system to
a climate hazard can be defined as the degree to which the WI is exposed to this climate hazard due
to its location [136]. In other words, the sensitivity of a WI system depends on the characteristics of
its components regardless of its geographical location, while its exposure depends mainly on its
location. Thus, in the sensitivity analysis, the components of the WI project that are sensitive to
potential climate hazards are identified, while in the exposure analysis it is estimated how exposed
is the WI system to each climate hazard by comparing the values of the corresponding hazard’s
indicators under current and future climate conditions (see section 3.2.2). The adaptive capacity can
be defined as the ability of a WI system to foresee, prepare for, respond to, and recover from CC
impacts [137]. The adaptive capacity refers to CC impacts on the WI system (see section 3.2) and it is
mainly linked to and influence its sensitivity analysis; thus, usually, it is included in the sensitivity
analysis or performed alongside or after the sensitivity analysis [61]. It is noted that there are
similarities between the sensitivity and exposure analysis in the vulnerability assessment and the
corresponding impacts and likelihood analysis in risk assessment; see section 3.4.

3.3.2. Methodologies for Vulnerability Assessment

There are a significant number of research works on the vulnerability of WI that are generally
applied at a large scale of a city or a country [54]. In most research works, the sensitivity analysis of
a WI system is based on the scoring (of the sensitivity) of its general characteristics or the
characteristics of its components, while the exposure analysis is typically performed quantitatively
via the comparison of the values of exposure indicators for the current and future climate conditions;
see section 3.1.2 [1,117]. According to EC [1] “the assignment of sensitivity scores to project types is
best carried out by technical experts, i.e. engineers and other specialists with good knowledge of the
project”, moreover, JASPERS [50] states that “the sensitivity analysis is best carried out by technical
experts in the field of the project component under assessment”.

In the literature, the sensitivity characteristics of a WI system can be encountered by various
names, such as themes [1], dimensions [117] or key infrastructure sectors [138]; Table 4 depicts
indicative evaluation criteria of sensitivity analysis. Moreover, it is noted that there are differences in
the definition of sensitivity among various researchers and thus in its assessment; in some of the
research works, the sensitivity analysis seems to be virtually the same as the impact analysis. To
realize this difference, indicative evaluation criteria used in the impact analysis are shown in Table 5;
these can also be encountered by various names, such as impact criteria [139], risk areas [1], impact
areas [61], impacts [140], and consequences [141]. For reasons of consistency and to avoid any
misinterpretations, the themes proposed by EC[1] can be used in the sensitivity analysis, which can
be considered practically as a preliminary impact analysis of CC impacts on the components of the

WL
Table 4. Indicative evaluation criteria of sensitivity analysis.
Themes [1] Dimensions [117]
On-site assets and processes. Physical dimension.
Inputs, such as water and energy. Economic dimension.
Outputs, such as products and services. Social dimension.
Access and transport links, even if outside Environmental dimension.
the direct control of the project.
Table 5. Indicative evaluation criteria of impact analysis.
Impact criteria Risk areas Impact areas Impacts Consequences

[139] [1] [61] [140] [141]
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Public effects. Asset damage - Physical impacts on Casualties. Physical harm.
Economic effects. engineering and buildings, i.e. structural Economic and Injury.
Environmental operational. damage. financial Death.
effects. Safety and health. Effects on the health and perspectives. Loss.
Political effects. Environmental. safety of those using the Environmental Damage to
Psychological Social. buildings. losses. property or
effects on the Financial. Financial impacts, Impacts on revenue.
population. Reputation. encompassing both the cost reputation. Loss of reputation
of damages and the Societal impacts. and credibility.
depreciation of property
value.

Impacts on heritage,
including the loss of cultural
significance.
Environmental impacts.
Impacts on reputation.

Similarly, the adaptive capacity analysis may involve the use of criteria that are usually called
“key elements”, which are critical to a WI system's ability to adapt [136,137]; these are: (1) economic
resources, (2) technology, (3) information and skills, (4) infrastructure, (5) institutions, and (6) equity.
Koutroulis et al. [113] assessed the sensitivity and the adaptive capacity of European freshwater
availability using indicators, after defining the sensitivity of water availability and stress in CC as the
responsiveness of the socioeconomic system to the related climate induced hazards. The indicators
for sensitivity were: (1) population density, (2) irrigated agriculture, and (3) sectorial water demand,
and for the adaptive capacity were: (1) economic resources available to adapt, (2) law enforcement,
(3) human capital, (4) level of natural freshwater storage capacity (capacity of aquifers and inland
water bodies), and (5) level of artificial freshwater storage capacity (capacity of dams).

The outcomes of the sensitivity and exposure analysis are usually presented in tabular (or
matrix) form; then, they are combined to produce the vulnerability matrix; see for example Stamou
et al. [54].

The definition of scales and scores of the evaluation criteria, i.e. the theme’s scores in the
sensitivity analysis and the indicators” nominal values or thresholds in the exposure analysis, is one
of the most important procedures of the climate adaptation procedure, since it determines to a
significant degree the climate hazards that can be significant for a WI system. Despite its importance,
the number of relevant research or practical/engineering works is very small and in most of these
works the nominal values and scores reported are not adequately justified, but it is simply stated that
this task is performed for sensitivity themes by technical experts in the field of the project component
under assessment [1], and for exposure indicators by expert elicitation [50]. There are only a few
research works published on sensitivity scales and scores for critical infrastructure that have been
used by various researchers, such as Forzieri et al. [138] and JASPERS [50]. Forzieri et al. [138]
constructed a sensitivity matrix based on a survey of experts, in which the channels through which
the CC impacts are transmitted to the infrastructure were explained based on a literature survey;
Table 6 presents a part of this sensitivity matrix adjusted by Stamou et al. [54] for WI. Indicative
sensitivity scores and evaluation criteria for water supply or wastewater projects and an indicative
sensitivity assessment for the components of a water supply project, are shown in Tables 7 and 8,
respectively [50,51]. Likewise, the number of research works on the exposure scales (or scores) is also
very small. Table 9 depicts indicative exposure indicators and their scores for water supply or
wastewater projects proposed by JASPERS [50,51], Table 10 shows a classification of drought based
on the indicators SPI [142] and SPEI [143], while thresholds for the Aridity Index (Al) and the rainfall
amount can be found in Ashaolu and Iroye [144] and Barde et al. [145], respectively. The sensitivity
and exposure scales proposed by JASPERS [50,51] can probably be used in CC assessments; however,
there is no published document available explaining the scaling procedure.
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Table 6. Sensitivity matrix for WI based on Forzieri et al. [138] and adapted by Stamou et al. [54].
Water Drought River floods Coastal floods Windstorms Wildfires Heat waves
Infrastructure (WD6) (WD3) (C2) (W2) (WD9) (HC2)
Hydropower plants. High Medium Medium Low Low Low
Inland waterways. High High High Medium Low Low
Water & wastewater Medium High High Medium Medium Medium
treatment.

Table 7. Sensitivity scores and evaluation criteria for water supply or wastewater projects [50].

Quantitative score High Medium Low No
Numerical score 3 2 1 0
Impact on assets and processes, inputs, L . No or No on an
p P . P Significant Slight S Y
outputs and transport links. insignificant component
Shutdown duration of the wastewater
>2 days 1-2 days <24 hours -
system or water supply.
Affects non- Minor affecting
Pollution incident. - residential collection -
properties. system.
Impact on water quality. - Medium Minor -
Yes, for the Yes, for the .
instantaneous radual No impact on
Potential of failure that results in the . & . the ability to
. . failure or degradation of
exceedance of design levels or capacity, . No (or very low  manage the
exceedance of the flood risk . ,
breach of flood defenses or can no longer . potential). infrastructure
. the flood risk management .
perform to the required standard. -business as
management system.
usual.
system.

Table 8. Sensitivity assessment for the components of a water supply project [50].

Input Assets and Processes Outputs
Category of . Ground Water  Water treatment plant . .
limate Hazard tity and quality Global
hazard (IPCC) Climate Hazards Aquifer (Water and treatment Quantity an quatly Global score
of water supplied
Source) processes
1
Annual / seasonal / Possible 1
monthly average degradation of raw 2 Possible impact on
. Y & & . Impact on efficiency of . P 2
(air) temperature water quality quality of treated
. treatment processes.
(HC1) through increased water.
turbidity.
Heat & Cold 0
(HC) Extreme No impact on 2
temperature groundwater  Possible increase in the 1
occurrences, sources (see concentration of Additional demand
. . . 2
including heat drought for pollutants on the for water during
waves secondary effects of influence with effect on heatwaves.
(HC2)

heat waves on water the treatment process.
resources)

Table 9. Exposure indicators and their scores for water supply or wastewater projects [51].
Climate hazard

Exposure indicator High Medium

Low No Units
Score 3 2

1 0 0
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Annual / seasonal / monthly Annual average air
average (air) temperature  temperature increase compared >4 2-4 <2 0 °C
(HC1) 1981-2010 average
Extreme temperature Human health heat waves per
occurrences, including heat >20 5-20 <5 0 days
waves (HC2) yeat
Number per year, or >4 2-4 1
Cold spells (HC3) 1 with duration > 6 days >6 >1 0 i
Freeze-thaw damage (HC3) Frost days per year >90 30-90 <30 0 days
Annual / Sea§onal Monthly % change in any average / 5 10-25 <10 0 o
average rainfall (WD1) seasonal / monthly rainfall total
Max ﬁve—d.ay precipitation 5150 100 50 <50 mm
. index
Extreme rainfall (frequency Extreme precipitation total
and magnitude) — highest . >150 >100 >50 <50 mm
(WD2) 1ndex. o
Extreme precipitation >10 >6 >2 <2 days
frequency
Flood hazard: For climate
hazards where hazards or risk
mapping is available this
River flooding would be exposure in the high
s 10 1 0.1 0 %
(WD3) probability maps (e.g. for flood
hazard and risk maps may be
the % AEP (Annual Exceedance
Probability)
Landslide danger (The factors
that influence landslide
Ground Instability / e>1<posure. a;elig.radlen.t of tl’;e Very
landslides STope, Taita’ intensity an high Medium Low Very
(WD9) saturated S(?IIS, snowmelt, /High low
deforestation and other
changes in land use and
earthquakes)
Aridity Actual >4 2-4 1-2 <1
(WD4 & WD5) / >4 2-4 <2 0 months
11 drought
Water availability Magnitude of meteorological
>10 5-10 <5 0
drought
Wildfire (WD6) Days of high fire danger >80 20-80 <20 0 days
Legal limits for air quality
monitoring have been exceeded N of
Air quality (WA3) (current exposure) or expected >1/5a >2/10a >1/25a times

to be exceeded (future
exposure)

Table 10. Classification of drought based on SPI [142] and SPEI [143].

SPI or SPEI values

Drought category

>2 Extreme wet or humid

1.99 -1.50
1.49 - 1.00

Severe wet or very humid
Moderate wet or humid
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0.99 —-0.99 Normal
-1.00 --1.49 Moderate drought
-1.50--1.99 Severe drought
<-2.00 Extreme drought

3.4. Research on Risk Assessment of Water Infrastructure
3.4.1. Definitions and Initial Comments

The International Organization for Standardization (ISO) [146] defines risk for critical
infrastructure as “the combination of the consequences of an event or hazard and the associated
likelihood of its occurrence”, while according to the European Commission “risk means the potential
for loss or disruption caused by an incident and is to be expressed as a combination of the magnitude
of such loss or disruption and the likelihood of occurrence of the incident”[3]. IPCC [147] defines risk
as “the potential for adverse consequences for human or ecological systems” and notes that risk is
not always consistent across different works and it is continuing to evolve.

Typically, risk assessment combines the analyses of likelihood and impact that are often
summarized in the “risk matrix”, to identify the significant climate hazards for the WI system, whose
risk must be managed and reduced to an acceptable level. In the likelihood analysis of a WI system
to a climate hazard the probability of this hazard to occur within the lifespan (or timescale; see section
3.1.1) of the WI system is estimated, while in the impact analysis the consequences of this hazard on
the WI system are determined. Usually, the risk assessment of a WI system is performed for all
potentially significant climate hazards. It is important to note that WI systems can often be exposed
to multiple hazards that can be independent single hazards, compounded or cascaded climate
hazards [148]. In such cases, a multi-hazard risk assessment is required that considers multiple
parameters to assess climate risk holistically; see section 4.

3.4.2. Methodologies for Risk Assessment

There are various methodologies and risk assessment tools in the literature. The main categories
of risk assessment methods are the following: (1) qualitative, in which the rate or score risk is based
on a person’s (safety manager-engineer) perception or judgment of the likelihood and severity of the
impacts, (2) quantitative, in which the risk is considered as a quantity that can be estimated and
expressed using equations and real incident’s data; the risk value is often expressed in percentages
and indicates the probability of the risk occurring, and (3) semi-quantitative, in which qualitative and
quantitative methods are used, for example by expressing likelihood using an equation and the
impacts using a rating or score or description [54].

Risk assessment aims mainly at quantifying the characteristics of the hazard(s) and the
magnitude of perceived impacts considering the specific components of a WI system that both make
it vulnerable to the assessed hazards and capture the capability and adaptation measures to respond
to them [149]. Water infrastructure operate as a system of systems, thus impacts on one network may
propagate to others and understanding the full extent of cascading failures is hard to ascertain [150].
The German Development Cooperation (GIZ) [151] proposed a consolidated Guide for Climate Risk
Management Plans in Small and Medium Sized Water and Wastewater Systems with a strong focus
on non-EU countries, providing access to climate simulations for quantitative impact assessment and
also proposing stakeholder engagement. Becher et al. [152] introduced a comprehensive stress-testing
framework for multi-hazard risk assessment of WI systems including a large set of spatially coherent
drought, cyclone, pluvial and fluvial flood events leading to an assessment of “customer disruption
days” as an indicator of impacts.

In the UK climate risks are taken into account actively when planning major new WI, such as
wastewater and water projects, while for small projects only flood risks are usually considered [153].
In existing WI systems, operators and owners are often faced with the challenge of reconciling
adaptation options across a range of aging assets, which are designed with differing specifications,
are exposed to various environmental conditions and have various usage and maintenance regimes;
these aspects need to be combined to determine how assets may respond to CC. The implemented
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approach depends on the asset’s characteristics, such as its fragility and capacity, and can involve an
analysis of network-wide effects considering CC impacts, degradation of the service performance,
and network recovery that depends on the restoration properties of the network, such as the number
of backup or redundant components. The climate risk can be assessed considering the loss of
infrastructure services and the effects on economic growth, social wellbeing and environmental
protection. The Climate Policy Initiative (CPI) focused on the assessment of finance flows for WI
systems and their consistency with the five principles of climate resilience [154]. The International
Institute for Sustainable Development (IISD) proposed the Physical Climate Risk Assessment
Methodology as a common framework for the impact assessment of physical climate risks on WI
investments [155], providing a common language for addressing climate risks between the
infrastructure and insurance sectors; this methodology translates physical climate risks and
adaptation measures to key performance indicators, including internal rate of return and life cycle
costs, across possible future scenarios. In the literature, there are several examples of climate
variables, such as freeze-thaw and temperature, which can accelerate WI deterioration [156]; this
brings the element of predictive maintenance into climate risk assessment, which is often overlooked
is CC assessment studies, although it is very important since WI systems age and deteriorate.

There is much research on the estimation of probability, return period and severity of climate
hazards. Most of these research works deal with acute climate hazards and thus they involve extreme
exposure indicators, such as the daily maximum temperature [157], the extreme daily precipitation
[158] and the maximum and minimum temperatures, the maximum precipitation and snow rate, and
the maximum wind speed [159]. In these works, real or synthetic time series (i.e. produced via
modeling, such as Monte Carlo simulations) of indicators are fitted to probability distributions, such
as the Generalized Extreme Value (GEV). Regarding probability scaling, EC [1] proposes five scales
that are expressed qualitatively and quantitatively (% of occurring per year), which are (1) rare - the
hazard is highly unlikely to occur (5%), (2) unlikely - the hazard is unlikely to occur (20%), (3)
moderate - the hazard is as likely to occur as not (50%), (4) likely - the hazard is likely to occur (80%),
and (5) almost certain - the hazard is very likely to occur (95%). The impacts of a climate hazard on a
WI system and the associated cost of damage depend on the characteristics of the hazard, the strength
of the W1, and other external factors. For example, the impacts of a flood on a WWTP depends on: (a)
the flood characteristics, such as the maximum water depth and the maximum water velocities, (b)
the characteristics of the WWTP, such as the tanks and buildings of the WWTP, and (c) external
factors, such as the cost for sediment and debris removal from the area of WWTP that were brought
by the flood. EC [1] proposes the use of a table for the estimation of the magnitude of impacts
(consequences) across six risk criteria, which are noted as “risk areas” in Table 2, and five magnitude
scales of consequences that are: insignificant = 1, minor = 2, moderate = 3, major = 4 and catastrophic
= 5; these scales are described qualitatively, except for the financial risk area. For some hazards the
likelihood and the impacts are expected to change during the lifespan of the WI system; thus, EC [1]
proposes to perform the impact analysis by dividing the lifespan of the WI project into several shorter
periods of duration equal to 10-20 years. These criteria can be applied to estimate the impacts for
every hazard on the WI and its components; moreover, particular attention should be paid to weather
extremes and cascade effects [1].

The basic categories of damages to a WI system due to climate hazards are (1) direct or indirect,
depending on whether they are experienced in a direct or indirect manner, and (2) tangible or
intangible, depending on whether they can be quantified in monetary terms or not [160]. For example,
in the case of flooding of a WWTP, damages are direct tangible such as these of the tanks and
buildings of the WWTP due to their direct contact with the floodwaters, direct intangible such as the
loss of human life due to flooding, indirect tangible such as the interruption of the treatment
processes, and indirect intangible damages such as health deterioration due to diseases caused after
the flood by contaminated water or food. The relevant research, which belongs mainly in the natural
hazard sciences, often focuses on direct tangible impacts, while a large body of literature is available
on how to model and assess direct tangible flood losses, such as ex post assessments of direct flood
impacts or ex-ante cost assessment methods, see for example the review by Meyer et al. [161].


https://doi.org/10.20944/preprints202411.1480.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 19 November 2024 d0i:10.20944/preprints202411.1480.v1

17

Most of the literature focuses on asset damage, which can be estimated using multivariate
models and damage curves (or functions). Multivariate models employ statistical techniques, such as
Multiple Linear Regression, Bayesian Network, Artificial Neural Network, and Random Forest, as
basis for the estimation of direct damages; they are conceptual or developed (and validated) for
specific areas. In most of the applications, damage curves refer to flood hazards and they usually
focus on the direct tangible damage; moreover, in almost all models flood (water) depth is treated as
the determining factor for expected damage, sometimes complemented by other parameters, such as
water velocity, flood duration, water contamination, precaution, and warning time [162]. Damage
curves are used to calculate the expected monetary damage of a specific WI system as a percentage
of a pre-defined asset value (relative function) or directly in financial terms (absolute function).
Recent research has focused on the development of damage curves for pluvial flooding; however,
progress has been hindered by the availability of pluvial flood risk data and the lack of damage
records for pluvial events [163].

Contrary to the large number of publications on asset damage (that is the first risk area of EC
[1]) there are not much research work on the risk areas of safety and health, environment, social, and
reputation. In natural hazard research, a growing body of literature has addressed different aspects
of losses of human life due to floods, including ex-post assessments of flood fatalities, and approaches
that can be used ex-ante to predict flood mortality [160]. Also, McClelland and Bowles [164]
performed an overview of methods for the loss of life during river, coastal and dam break floods,
Allaire [165] performed a review of the empirical literature in the fields of economics and civil
engineering on the socio-economic costs of floods and other hydrometeorological disasters, Del
Giudice et al. [166] developed two models that evaluate (1) damage to the productive part of a
territory affected by floods and (2) damage related to the environmental aspects, and Nobanee et al.
[167] conducted a bibliometric analysis of reputational risk and sustainability, which revealed that
the amount of research output within this field is limited.

3.5. Research on the Assessment of Adaptation Measures for Water Infrastructure
3.5.1. Definitions and Initial Comments

There are a very large number of research works on climate adaptation measures due to the
importance of this area to problem solving of the adaptation of WI to CC and to the variety of
adaptation measures; see section 3.5.1. Most of the research work has been performed in the
identification of adaptation options, while the number of works in their appraisal is small. The
integration of adaptation measures into the design and the operation of a WI system to improve its
climate resilience [1] is a practical task; thus, the relevant research works are limited. It is worthwhile
noting that in Climate-ADAPT it is stated that “there is an increasing volume of literature and
experience on adaptation options, appraisal and planning [168,169], as well as related resources [170]
in the Member States. More information on adaptation planning in the Member States is available on
Climate-ADAPT [171]".

The number of adaptation options and the number of relevant research works are indeed very
large; subsequently, there are various categorizations of adaptation options in the literature, whose
most common and simplest is the categories of structural and non-structural adaptation measures.
However, for the methodological examination of the large number of research works, a more detailed
and systematic categorization is required, such as the system of Key Type Measures (KTM) by
Climate -ADAPT. The KTM system was developed to report climate adaptation actions in the EEA
member countries and thus to provide a standardized way of communicating various adaptation
measures to better support adaptation policy process across the EU [172]. The KTM measures are
presented in Table 11 with indicative research works.

Table 11. Adaptation measures and indicative research works [172].

Categories of adaptation measures Indicative research works and their subject

Policy instruments for green infrastructure [173]; Policy developments

Al: Policy i
olicy instruments [174]; Green economy [175].
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A2: Management and planning

Re-orientation of strategic water policy options in water resources
management and engineering ( [176]; modification of existing water
resource planning and management standards in water conservancy

projects [177]; enforcement of framework for multifunctional design of

green infrastructure to mitigate urban flooding [178]; adaptive

governance, institutional design principles for local common pool

resources systems and social-ecological framework analysis for drought

management [179]; evaluation of structural and non-structural adaptation

measures to reduce flood risk [180]; vulnerability and adaptability

evaluation of water management that can be used as guidelines for the

management of water resources and agriculture [181].

A3: Coordination, cooperation and

Collaborative approach involving participation from various groups of

networks stakeholders to reduce drought effect [182].
B1: Financing and incentive . . . .
instruments Incorporating blue/green options in urban adaptive approaches [183].
B2:1 d risk shari
nsurrfmce and risk sharing Municipal flood risk sharing in Canada [184].
instruments

C1: Grey options

High floor houses for reducing pluvial flood effect [185]; grey solutions for
reducing urban flooding [186].

C2: Technological options

Seasonal forecasting for decision making in water management [187];
Early Warning System (EWS) for reducing exposure, vulnerability and
risk for citizens and city assets [188]; EWS together with hard and soft
adaptation measures [189]; timely information on water resources and
water saving technologies in agricultural water management [190]; risk
modelling to identify cost-effective investments and protection measures
under future climate change and socio-economic / demographic
conditions to reduce flood risk [191]; detection of ecological drought
through data analysis [192]; downscaling to perform regional climate
experiments to identify the influence of global warming on heavy rainfall
and rainfall volume in order to contribute to the expert committees for
adaptation planning [193].

D1: Green options

Riverbank vegetation [194]; planting trees for reducing surface urban
runoff [195]; green infrastructure for reduction of urban flooding [186];
paddy fields for flood risk reduction [196]; cascade method in dam
building for flood control [197]; reducing the impacts of sea level rise and
saline intrusion by developing salt-tolerant crop varieties [181]; nature
based pilot projects [198]; valuation of costs and benefits of NBS on
climate adaptation against drought [199].

D2: Blue options

Modelling of new drainage system using the sponge city concept to
reduce urban flooding [200]; analysis of the lower Brisbane River flood
dynamics for flood adaptation through a Coastal Reservoir
Technique [201].

El: Information and awareness raising

Aspects of the on-going citizen engagement for RESILIO, the Blue Green
roofs program of Amsterdam [202].

E2: Capacity building, empowering
and
lifestyle practices

Stakeholders’” involvement in the definition of local future socio-economic
scenarios, in the development of adaptation strategies, and in the
validation of the model being developed for the area [203].

EEA [29] emphasizes the importance of governance and institutional measures and states that
the key priorities for policy action include: (1) conducting assessments and implementing measures
to enhance the resilience of critical infrastructure on a systems level, and (2) incorporating climate
projections into the Eurocodes (European standards to guide the structural design of buildings and

doi:10.20944/preprints202411.1480.v1
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civil engineering works) that are currently being updated. However, these standards are largely

based on historical climate data; to account for future climate risks during the lifetime of current

infrastructure, these standards need to incorporate climate projections based on CC scenario
analyses, including worst-case scenarios, particularly for critical infrastructure. Similarly, in the UK
the use of common formalised standards of resilience is suggested, such as the ISO 14091 standard

[204], across different infrastructure sectors including the WI sector to help building systemic

resilience across the whole infrastructure system.

e  The Climate Change Adaptation Resource Center of the United States Environmental Protection
Agency (USEPA) offers eight adaptation actions to assist water utilities in preparing for likely
climate threats [205]. Four of these measures deal with physical and technological measures,
such as grey (new, rehabilitated, upgraded, or replaced) physical infrastructure (see Table 11;
category C1) and technological options (category C2), such as EWSs, hazard / risk mapping and
service / process applications. The first five are:

. Construction of new infrastructure (on-site power sources, such as solar, wind and biogas),
repair and retrofit facilities (implement saltwater intrusion barriers, improve pumps for
backflow prevention, increase capacity for wastewater and storm water collection and
treatment).

¢ Increase of treatment capabilities to ensure effluent and water supply meets standards.

e Increase system efficiency (electrify fleet vehicles, shift to telework schedules, and change
lighting).

e  Monitoring operational capabilities by taking inventory of existing infrastructure, identifying
and protecting vulnerable facilities.

e  One USEPA’s measure dealing with Nature Based Solutions and Ecosystem-based Approaches
(see Table 11; category D) is the modification of the land use via the utilization of green
infrastructure to manage stormwater is also one of the USEPA measures [205].

e  Three measures offered by USEPA [205] belong in the knowledge and behavioral change
measures (category E); these are the following:

e  Modeling climate risk, such as the modeling of sea level rise and storm surge to inform
appropriate sitting of critical infrastructure.

e  Modification of water demand, such as the public outreach to reduce waste and inefficiencies
and the co-work with farmers to adopt micro-irrigation technology.

¢  Planning for Climate Change, such as educating staff on climate change and developing costal
restoration plans to protect utilities and emergency response plans.

3.5.2. Methodologies for the Assessment of Adaptation Measures

Adaptation options are often evaluated using a Multicriteria Decision Analysis (MCDA) that
usually includes economic, environmental, and social aspects, and when feasible, the involvement of
stakeholders. The economic aspects that are generally one of the most important can be evaluated via
a cost-benefit analysis, which is usually accompanied by uncertainties impacting decision-making.
Hallegatte [206] performed a state-of-the-art review of CC adaptation strategies in water management
and noted that in the evaluation of different CC adaptation options, the economic aspects were
included in only about a third of the reviewed articles, while they were not included in most of the
studies on NBS [207]. However, in recent studies, there is an increasing interest in incorporating the
economic aspects into the evaluation, optimization, and selection phases of CC adaptation strategies.
The environmental aspects, which are also very important in the evaluation of adaptation options
(especially grey), were incorporated in only a few of the adaptation options [208]. The social aspects
are usually assessed by measuring socioeconomic and demographic factors that affect the
community’s capacity to cope with hazards [209]. Regarding stakeholders participation, Bojovic et al.
[210] investigated the e-participation, which is defined as “a social activity facilitated by information
and communication technologies that assures the interaction among citizens, public administration,
and politicians, as critical stakeholders, in the decision-making process” [211], in the MCDA of CC
adaptation measures using the following criteria: (1) effectiveness, (2) efficiency, (3) environmental
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performance, (4) side effects, (5) contribution to the resolution of conflicts, and (6) performance under
uncertainty.

4. Discussion and Proposals for Future Research

In the previous three sections, the main aspects of the hydro-environment research on the
adaptation of WI to CC were systematically presented using a typology that classifies this research
into five categories each consisting of research areas, as shown in Table 2; for these areas, indicative
research works were critically presented and discussed. This presentation revealed that there are a
limited number of research works in category I (Description of Water Infrastructure), while the
research work in the categories Il to IV is very large including extensive reviews that identify research
gaps and propose future research. Therefore, more research is needed in category I and its research
areas are described in the text that follows.

The identification of the components of the WI is a very important task of the adaptation
procedure of WI to CC. Typically, it can be performed combining (a) practical experience, and (b)
literature, such as papers, books, technical reports, design standards and other documents. It is
important to typologize the components for all WI categories (water supply, wastewater, and
stormwater systems), so that all components are included in the assessment, even if some of these are
considered minor. For example, in one of the very few relevant publications dealing with the
vulnerability of Vancouver Sewerage Area infrastructure to CC [212], it is mentioned that the effect
of “extreme rainfall” (see WD2; Table 1) can be significant on manholes, flow and level monitors;
these components are not even mentioned in the existing guides [50,51], where it is simply stated that
the main impacts of this hazard are “on pluvial flood probability and hazard to infrastructure and on
drainage system design parameters”. It is noted, however, that the increase of the number of the
components is expected to result in more complicated subsequent analyses; to avoid these
complications, in these analyses the detailed components of a WI system can be grouped into a
reasonable number of categories. Indicatively, the components of a Dam and Reservoir System can
be topologized and grouped into the following five categories [213]:

e Inflow (), i.e. the incoming river water.
e  Processes or functions (P), such as storage for irrigation and water supply (P1), flood control

(P2), hydropower generation (P3), and recreational and aesthetics (P4).

e  Assets (A), such as the earthfill or concrete dam (A1), the spillway (A2), the auxiliaries (A3), the
monitoring and control system (A4), and the buildings (A5).
e  Outflow (O) for water supply (O1), energy production (O2), environmental flow (O3) and

flushing (O4).

e  Supporting infrastructure (S), such as power (S1), communications (52), and transportation (S3).

These categories are consistent with the sensitivity themes and the risk areas proposed by EC
[1]; thus, they can be used in the sensitivity and impact analysis, respectively; subsequently, they can
also be used in the assessment of the adaptation options.

The identification of the potential hazards for each WI component (based on Table 1) requires an
initial knowledge of the impacts of these hazards on the WI components (see for example Table 3) in
order to perform the sensitivity analysis; this knowledge can be acquired via a systematic literature
review and cooperation with experts of WI. Then, in—depth knowledge is probably needed for the
analysis of CC impacts, which requires the establishment of the relationships “climate hazard — WI
component” for all potential hazards and components. Ideally, these relationships can be
quantitative; however, this requires a large amount of data and extensive mathematical modeling, for
example using Computational Fluid Dynamics (CFD) models. This procedure can be facilitated by
(a) the typologization of climate hazards (see Table 1) and their grouping (see section 1), and (b) the
typologization of the potential impacts of the groups of climate hazards for each group of the WI
components.

In most of the WI projects climate indicators are selected among the indicators proposed by
recognized organizations [89-92]. However, there is an urgent need to develop new indicators, at
least for the main WI categories; such as the “beach vulnerability index” developed for the assessment
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of beach erosion vulnerability [214]. The “indicators’ analysis” is one of the most important and most
difficult tasks of the adaptation procedure of WI to CC. Practically, for every existing or new indicator
that represents the basic physical mechanisms of a specific climate hazard, well-defined correlations
with specific WI components should be determined. The indicators’ analysis requires the cooperation
of climate scientists and hydrologists with experienced researchers and engineers specialized in WI;
furthermore, it requires a large amount of data and extensive research and experience. For example,
in the vulnerability analysis performed by Metro Vancouver [212], only for one pair of “component-
indicator” that is the “Monthly Combined Sewer Overflow Volume - Average Monthly Rainfall” a
solid linear relationship with a coefficient of determination equal to 0.97 was found, while for all the
rest pairs of components-indicators much of the specific data were not available or difficult to acquire;
in these cases the analysis was performed using assumptions based on professional judgment and
information reviewed and, in some cases, limited calculations using engineering data available.
Furthermore, in Metro Vancouver [212] it is stated that the reasons for the absence of these data are:
(1) the climate hazards do not place a direct load on the collection system and the WWTP, for example
the hazard “extreme precipitation” (WD2) affects wet weather loads, but it does not impact the
WWTP directly, (2) in many cases the relationship “climate effect on a WI component — climate
indicator directly impacting the WI component” is unavailable, and (3) in cases where there may be
a relatively direct impact of a climate variable on the infrastructure, such as the mean sea level that
affects ground water elevations and uplift forces on buried infrastructure, the wide range of
individual infrastructure elements (i.e. parts of the WI components) at the site precludes the
performance of simplified calculations. Forzieri et al. [138] also noted that a literature survey is
needed “to explain the channels through which the CC impacts are transmitted”. Research is also
needed for the development of efficient methods for the determination of the scales and thresholds
of the indicators (see Table 9), such as statistical approaches, for example cluster analysis and non-
linear least-squares regression [215]. Moreover, the values and scales of climate indicators need to be
adjusted to local conditions; this can be achieved via a more detailed downscaling and subsequently
development of high-resolution maps with values of indicators at local scale, because their current
values cannot always be applied in all countries and locations. For example, the thresholds of the Fire
Weather Index (FWI) of the Canadian Fire Weather Index System, which are adopted and proposed
by the European Forest Fire Information System (EFFIS) for assessing the level of fire danger in
Europe, are too low for the case of Greece [215].

In a comprehensive overview of recent works on CC modeling in the Mediterranean basin, Noto
et al. [216] described the challenges and uncertainties in CC modeling and impact analyses and
discussed the most relevant sources of uncertainty related to CC aiming at gaining awareness of CC
impact studies interpretation and reliability; they stated that despite the progress achieved in recent
years in the field of CC and its impact on water resources, results and outcomes should be treated
with due caution since any future climate projection and derived implications are inevitably affected
by a certain degree of uncertainty arising from each different stage of the entire CC modeling chain.
These uncertainties were also discussed by other researchers; for example, Kourtis and Tsihrintzis
[208] noted that uncertainties in climate projections and bias correction are still significant and need
to be reduced. The latest CMIP6 global climate simulations may produce more accurate CC impacts
as a result of ongoing climate model advancements [217]; this would be beneficial to the vulnerability,
impacts, adaptation, and climate service communities. Nevertheless, the current horizontal
resolution of these simulations are still coarse (horizontal resolution about 100km x 100km and
lower). Thus, additional computational and human effort is needed to downscale these climate
projections to a higher resolution to better resolve local climatological features. This can be achieved
by either dynamical or statistical downscaling. However, both approaches exhibit advantages and
disadvantages. Specifically, dynamical downscaling is a computationally demanding method that
replicates local climates using information from climate models and physical principles incorporated
into the model's code. Due to the demanding nature of this approach prioritization in the simulations
is sometimes decided. For instance, in the expected EURO-CORDEX climate simulations, although
the four main SSP-RCPs (SSP1-2.6, SSP2-4.5, SSP3-7.0 and SSP5-8.5) are identified as high priority
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in the IPCC-AR6 the community identified SSP1-2.6 and SSP3-7.0 as the top priorities for the EURO-

CORDEX simulations while SSP2-4.5 and SSP5-8.5 were selected as the second and third priority

scenarios, respectively [218]. In addition, a number of GCMs that meet certain requirements in terms

of availability, plausibility, future spread, and independence have been given priority by the EURO-

CORDEX community [219]. On the contrary statistical downscaling is less computationally intensive;

however, it depends on the availability of reliable long-term observational records for a number of

variables from gridded observational datasets or station data to establish strong predictor-predictand

relationships and to modify the raw model output, respectively [220].

Huddleston et al. [221] noted that there is a need to develop innovative approaches for the
measurement of the adaptive capacity of WI systems. Regarding risk assessment, flood damage
assessments could be greatly improved. Recent research has focused on the development of damage
models for pluvial flooding; however, progress has been hindered by the availability of pluvial flood
risk data and the lack of damage records for pluvial events [222,223]. Thus, more research is needed
on the validation and transferability of damage curves. The determination of the “acceptable risk
level” is also a crucial step of the risk assessment procedure; it is usually performed by experts
undertaking the assessment and depends on the risk that the project promoter is prepared to accept.
For example, there may be components of the WI system that can be considered as “non-essential”;
when the cost of adaptation measures for these components outweigh the benefits of avoiding the
risks, then, the best option could be to allow them to fail under certain circumstances. It is significant
to develop scientific methods combined with experts’ solicitation to determine the acceptable risk for
Wil systems. Research is also required for the development of methods for combined risk estimation
from multiple hazards [140]. Multiple climate-related hazards threaten the WI services and their
resilience, and frequently result in cascading events within the interdependent WI network and other
interconnected types of critical infrastructure. Understanding and managing the risks and
performance of WI systems, considering transitional and systemic societal risks is a prerequisite for
climate resilient societies. The establishment of integrated risk assessments considering multi-
hazards risk and associated multi-dimensional vulnerability assessment should be considered,
whereas the impacts should be considered holistically including Environmental Impact Assessments,
Societal Impacts and Resilience and those pertinent to the Financial and Insurance Sectors. The risk
assessment should be the driving vehicle to guide WI to reinforce their resilience capacities to
prevent, protect against, respond to, resist, mitigate, absorb, accommodate and recover from climate
related incidents and extreme events that have the potential to disrupt the provision of essential
services. These are related to physical, technical, financial, security, emergency and organizational
measures and should reflect the determined risk levels. Therefore, it is important to place a holistic
climate risk and resilience assessment as a focal point of WI governance. Following the
recommendations from risk-informed assessments [224] and engineering principles can provide
support in addressing policy trade-offs selecting climate adaptation solutions for WI with a new focus
on nature-based solutions, and community-focused approaches.

The research works on the adaptation of WI to CC are numerous and some of them include
proposals for specific research subjects. Indicative subjects are as follows:

e  Sustainable Urban Drainage Solutions (SUDS). Better understanding in needed; the design of
SUDS using single synthetic rainfall events and assuming ideal hydrological preconditions can
be misleading [225].

e  Nature Based Solutions (NBS). More focus is required on applications and economic assessment
employed for urban-flood management [207].

. Green infrastructure. Improved models and tools, field and laboratory research, and evaluation
of data from increasing application of green infrastructure practices are needed [226].

e  Blue and green infrastructure. Research is needed to face lack of capacity, expertise, knowledge,
budgetary constraints, poor governance, lack of baseline data, perception of poor services,
shortage of space; and competition with other land uses [227]; data for valuation are also needed
[228].
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e  Urban runoff. Attention should be paid on qualitative aspects (not only to quantitative aspects),
and to other measures, such as plans of maintenance and rehabilitation, public awareness, flood
forecasting and warning, mobility measures and insurance measures [208].

e Desing and management of WI systems. New methods should be developed for the adaptive
design and management, for example using systems thinking and flexibility [229].

Finally, the emerging trends in hydro-environmental research aim at achieving global water
goals, such as the SDG6, considering links and relationships, such as the water-energy-food nexus,
and in an integrated way. Innovative advanced modelling methods based on data science, such as Al
and digital twins [230,231], are combined with innovative technologies using new materials, such as
membranes and nanotechnology [232], and new solutions are being developed, such as (i) smart
water management systems and tools using data analytics, innovative sensors, machine learning
algorithms and internet of things, and (ii) efficient monitoring and EWSs using Al and other data
science tools [233], which are expected to improve the resilience of WI to CC.

5. Conclusions

The hydro-environment research on the adaptation of WI to CC research is vast and includes
various terminologies and methods for all adaptation aspects. The adaptation procedure of WIto CC
can be significantly improved when this hydro-environment research is known to the developers of
guidelines for the adaptation of infrastructure to CC. To facilitate this knowledge transfer, a literature
review was performed to identify the main aspects of this research, which are systematically and
critically presented, and discussed using typology and indicative research works. According to this
typology, the hydro-environment research is classified into the following five categories, which are
based on the EC guidelines and correspond to the five steps of the adaptation procedure of Wl to CC:
(I) description of the WI, (II) CC assessment, (III) vulnerability assessment, (IV) risk assessment, and
(V) assessment of adaptation measures.

This research work revealed that there are a limited number of research works in the category [;
thus, more research combined with experts’ solicitation are needed, mainly on (i) the identification
and typologization of the components of the WI, (ii) the typologization of the climate hazards on WI
and their impacts on its components, and (iii) the identification and typologization of indicators for
WI and their thresholds. The research work in categories Il to V is extensive and rapidly increasing;
moreover, it includes reviews that identify research gaps and propose future research.

Author Contributions: “Conceptualization, A. I. S. and G.M.; methodology, A. I. S. and G.M..; formal analysis,
A.LS,GM. and A. T. S,; investigation, A.LS, G.M.,, A. S, A. T.S5,, K. V.V, C.G,; data curation, A. L. 5., G.M. and
A.T.S,; writing—original draft preparation, A.LS, G. M., A.S,, A. T.S,K. V.V, C.G. and A. K. ; writing —review
and editing, A.S, G. M., A. S, A. T.S,, K. V.V, C.G. and A. K ; visualization, G. M.; supervision, A. L. S.; project
administration A. I. S. All authors have read and agreed to the published version of the manuscript.”

Funding: This research received no external funding,.

Data Availability Statement: The data and materials of the current work are available from the corresponding
author upon reasonable request.

Acknowledgments: The present work was performed within the project “Support the upgrading of the
operation of the National Network on Climate Change (Climpact)” of the General Secretariat of Research and
Technology under Grant “2023NA11900001".

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.  European Commision (EC) Commission Notice — Technical Guidance on the Climate Proofing of
Infrastructure in the Period 2021-2027.

2. European Commission (EC) Council Directive 2008/114 Is a Key Pillar of the European Programme for
Critical Infrastructure Protection (EPCIP). The Directive Established an EU-Wide Procedure for Identifying
and Designating European Critical Infrastructures and a Common Approach to Assess Needs so as to
Improve Protection from Anthropogenic Threats — Both Intentional and Accidental — as Well as Natural


https://doi.org/10.20944/preprints202411.1480.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 19 November 2024 d0i:10.20944/preprints202411.1480.v1

24

Disasters. The Scope of Thedirectiveis Limited Totwo Sectors, Namely Energy Andtransport, Although,
Theoretically, Its Design Allows for Extensionto Other Sectors.European Critical Infrastructure. 2008.

3. European Commision (EC) Directive (EU) 2022/2557 of the European Parliament and of the Council of 14
December 2022 on the Resilience of Critical Entities and Repealing Council Directive 2008/114/EC 2022.

4.  Hallegatte, S.; Rentschler, J.; Rozenberg, ]. Lifelines-The-Resilient-Infrastructure-Opportunity.Pdf; Sustainable
Infrastructure Series; World Bank Group, 2019; ISBN 978-1-4648-1430-3.

5.  Stamou, A. Towards ‘Climate Proof’ Infrastructure Projects. CER] 2022, 13,
doi:10.19080/CER].2022.13.555861.

6. Clarke, L.; Wei, Y.-M.; De La Vega Navarro, A.; Garg, A.; Hahmann, A.N.; Khennas, S.; Azevedo, LM.L,;
Loschel, A.; Singh, A K.; Steg, L.; et al. Energy Systems. In Climate Change 2022 - Mitigation of Climate Change:
Working Group III Contribution to the Sixth Assessment Report of the Intergovernmental Panel on Climate Change
[P.R. Shukla, ]. Skea, R. Slade, A. Al Khourdajie, R. van Diemen, D. McCollum, M. Pathak, S. Some, P. Vyas, R.
Fradera, M. Belkacemi, A. Hasija, G. Lisboa, S. Luz, |. Malley, (eds.)]; Cambridge University Press, 2023; pp.
613-746.

7.  Stamou, A. Hydro-Environment Research on Climate Change Adaptation of Water Infrastructure (WI). In
Proceedings of the 8th IAHR Europe Congress; IAHR: Lisbon, Portugal, June 4 2024.

8. Stamou, A.I. The Typologization of Water Research as a Possible Means to Improve the Technical
Guidelines on the Adaptation of Water Infrastructure to Climate Change. Hydrolink 2024, pp.04-08.

9.  EU Technical Expert Group (TEG) Taxonomy Technical Report; 2019; p. 414;.

10. Reznik, A ; Jiang, Y.; Dinar, A. The Impacts of Climate Change on Wastewater Treatment Costs: Evidence
from the Wastewater Sector in China. Water 2020, 12, 3272, d0i:10.3390/w12113272.

11. Li, J; Li, X,; Liu, H,; Gao, L.; Wang, W.; Wang, Z.; Zhou, T.; Wang, Q. Climate Change Impacts on
Wastewater Infrastructure: A Systematic Review and Typological Adaptation Strategy. Water Research 2023,
242, 120282, doi:10.1016/j.watres.2023.120282.

12.  Stone, B.; Mallen, E.; Rajput, M.; Gronlund, C.J.; Broadbent, A.M.; Krayenhoff, E.S.; Augenbroe, G.; O'Neill,
M.S.; Georgescu, M. Compound Climate and Infrastructure Events: How Electrical Grid Failure Alters Heat
Wave Risk. Environ. Sci. Technol. 2021, 55, 6957—-6964, doi:10.1021/acs.est.1c00024.

13. Rosenberg, E.A.; Keys, P.W.; Booth, D.B.; Hartley, D.; Burkey, J.; Steinemann, A.C.; Lettenmaier, D.P.
Precipitation Extremes and the Impacts of Climate Change on Stormwater Infrastructure in Washington
State. Climatic Change 2010, 102, 319-349, doi:10.1007/s10584-010-9847-0.

14. Noi, L.V.T.; Nitivattananon, V. Assessment of Vulnerabilities to Climate Change for Urban Water and
Wastewater Infrastructure Management: Case Study in Dong Nai River Basin, Vietnam. Environmental
Development 2015, 16, 119-137, doi:10.1016/j.envdev.2015.06.014.

15. Koutroulis, A.G.; Grillakis, M.G.; Daliakopoulos, I.N.; Tsanis, L.K.; Jacob, D. Cross Sectoral Impacts on
Water Availability at +2 °C and +3 °C for East Mediterranean Island States: The Case of Crete. Journal of
Hydrology 2016, 532, 16-28, doi:10.1016/j.jhydrol.2015.11.015.

16. Kourgialas, N.N.; Anyfanti, I.; Karatzas, G.P.; Dokou, Z. An Integrated Method for Assessing Drought
Prone Areas - Water Efficiency Practices for a Climate Resilient Mediterranean Agriculture. Science of The
Total Environment 2018, 625, 1290-1300, doi:10.1016/j.scitotenv.2018.01.051.

17.  Ullah, H.; Akbar, M. Drought Risk Analysis for Water Assessment at Gauged and Ungauged Sites in the
Low Rainfall Regions of Pakistan. Environ. Process. 2021, 8, 139-162, doi:10.1007/s40710-020-00478-9.

18. Tavakol-Davani, H.; Goharian, E.; Hansen, C.H.; Tavakol-Davani, H.; Apul, D.; Burian, S.J. How Does
Climate Change Affect Combined Sewer Overflow in a System Benefiting from Rainwater Harvesting
Systems? Sustainable Cities and Society 2016, 27, 430-438, doi:10.1016/j.s¢s.2016.07.003.

19. Alizadeh, H.; Moshfeghi, V. Spatial Analysis of Urban Water Vulnerability in Cities Vulnerable to Climate
Change: A Study in Ahvaz, Iran. Int. J. Environ. Sci. Technol. 2023, 20, 9587-9602, doi:10.1007/s13762-023-
05032-2.

20. Fernandez-Anez, N.; Krasovskiy, A.; Miiller, M.; Vacik, H.; Baetens, J.; Huki¢, E.; Kapovic Solomun, M,;
Atanassova, I; Glushkova, M.; Bogunovi¢, I; et al. Current Wildland Fire Patterns and Challenges in
Europe: A Synthesis of National Perspectives. Air, Soil and Water Research 2021, 14, 117862212110281,
doi:10.1177/11786221211028185.

21. Lee, J.; Nemati, M.; Sanchez, ].J. Assessing the Vulnerability of California Water Utilities to Wildfires. Water
Resour Manage 2022, 36, 4183-4199, doi:10.1007/s11269-022-03247-5.

22. Barnard, D.M.; Green, T.R.; Mankin, K.R.; DeJonge, K.C.; Rhoades, C.C.; Kampf, S.K.; Giovando, J.; Wilkins,
M.].; Mahood, A.L.; Sears, M.G.; et al. Wildfire and Climate Change Amplify Knowledge Gaps Linking
Mountain Source-Water Systems and Agricultural Water Supply in the Western United States. Agricultural
Water Management 2023, 286, 108377, doi:10.1016/j.agwat.2023.108377.

23. Hughes, J.; Cowper-Heays, K.; Olesson, E.; Bell, R.; Stroombergen, A. Impacts and Implications of Climate
Change on Wastewater Systems: A New Zealand Perspective. Climate Risk Management 2021, 31, 100262,
doi:10.1016/j.crm.2020.100262.


https://doi.org/10.20944/preprints202411.1480.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 19 November 2024 d0i:10.20944/preprints202411.1480.v1

25

24. Friedrich, E.; Kretzinger, D. Vulnerability of Wastewater Infrastructure of Coastal Cities to Sea Level Rise:
A South African Case Study. WSA 2012, 38, 755-764, doi:10.4314/wsa.v38i5.15.

25. Tsavdaroglou, M.; Al-Jibouri, S.H.S.; Bles, T.; Halman, J.LM. Proposed Methodology for Risk Analysis of
Interdependent Critical Infrastructures to Extreme Weather Events. International Journal of Critical
Infrastructure Protection 2018, 21, 57-71, doi:10.1016/].ijcip.2018.04.002.

26. Cramer, W.; Guiot, J.; Marini, K.; Azzopardi, B.; Balzan, M.V.; Semia Cherif; Doblas-Miranda, E.; Santos,
M.D.; Drobinski, P.; Fader, M.; et al. MedECC 2020 Summary for Policymakers. Climate and Environmental
Change in the Mediterranean Basin — Current Situation and Risks for the Future. First Mediterranean Assessment
Report; Zenodo, 2020;

27. Intergovernmental Panel On Climate Change (Ipcc) Fact Sheet -Europe: Climate Change Impacts and Risks.
Sixth Assessment Report. Working Group II — Impacts, Adaptation and Vulnerability. 2022.

28. Intergovernmental Panel On Climate Change (Ipcc) Climate Change 2021 — The Physical Science Basis:
Working Group I Contribution to the Sixth Assessment Report of the Intergovernmental Panel on Climate
Change; 1st ed.; Cambridge University Press, 2023; ISBN 978-1-00-915789-6.

29. European Environment Agency. European Climate Risk Assessment: Executive Summary.; Publications Office:
LU, 2024;

30. Alj E.; Cramer, j.; Georgopoulou, E.; Hilmi, N.J.M.; Le Cozannet, G.; Lionello, P. Cross-Chapter Paper 4:
Mediterranean Region. In In: Climate Change 2022: Impacts, Adaptation and Vulnerability. Contribution of
Working Group II to the Sixth Assessment Report of the Intergovernmental Panel on Climate Change [Pértner HO,
Roberts DC, Tignor M, Poloczanska ES, Mintenbeck K, Alegria A, Craig M, Langsdorf S, Loschke S, Moller V,
Okem A, Rama B]; Cambridge University Press: Cambridge, UK and New York, New York, USA; pp. 2233—
2272.

31. Simon, A.; Plecha, S.M.; Russo, A.; Teles-Machado, A.; Donat, M.G.; Auger, P.-A.; Trigo, R.M. Hot and Cold
Marine Extreme Events in the Mediterranean over the Period 1982-2021. Front. Mar. Sci. 2022, 9, 892201,
do0i:10.3389/fmars.2022.892201.

32. Schlegel, R.W.; Darmaraki, S.; Benthuysen, J.A.; Filbee-Dexter, K.; Oliver, E.C.J. Marine Cold-Spells.
Progress in Oceanography 2021, 198, 102684, doi:10.1016/j.pocean.2021.102684.

33. Douvis, K.; Kapsomenakis, J.; Solomos, S.; Poupkou, A.; Stavraka, T.; Nastos, P.; Zerefos, C. Change in
Aridity Index in the Mediterranean Region under Different Emission Scenarios. In Proceedings of the 16th
International Conference on Meteorology, Climatology and Atmospheric Physics&mdash; COMECAP
2023; MDPI, September 5 2023; p. 171.

34. Ruffault, J.; Curt, T.; Moron, V.; Trigo, RM.; Mouillot, F.; Koutsias, N.; Pimont, F.; Martin-StPaul, N;
Barbero, R.; Dupuy, J.-L.; et al. Increased Likelihood of Heat-Induced Large Wildfires in the Mediterranean
Basin. Sci Rep 2020, 10, 13790, doi:10.1038/s41598-020-70069-z.

35. Lozano, O.M.; Salis, M.; Ager, A.A.; Arca, B.; Alcasena, F.J.; Monteiro, A.T.; Finney, M.A.; Del Giudice, L.;
Scoccimarro, E.; Spano, D. Assessing Climate Change Impacts on Wildfire Exposure in Mediterranean
Areas. Risk Analysis 2017, 37, 1898-1916, d0i:10.1111/risa.12739.

36. Pefiuelas, J.; Sardans, J.; Filella, I.; Estiarte, M.; Llusia, J.; Ogaya, R.; Carnicer, J.; Bartrons, M.; Rivas-Ubach,
A.; Grau, O,; et al. Impacts of Global Change on Mediterranean Forests and Their Services. Forests 2017, 8,
463, doi:10.3390/f8120463.

37. Varela, V.; Vlachogiannis, D.; Sfetsos, A.; Karozis, S.; Politi, N.; Giroud, F. Projection of Forest Fire Danger
Due to Climate Change in the French Mediterranean Region. Sustainability 2019, 11, 4284,
do0i:10.3390/su11164284.

38. European Environment Agency. Climate Change, Impacts and Vulnerability in Europe 2016: An Indicator
Based Report.; Publications Office: LU, 2017;

39. Lahmar, R; Ruellan, A. Dégradation des sols et stratégies coopératives en Méditerranée : la pression sur les
ressources naturelles et les stratégies d. Cahiers Agricultures 2007, 16, 318-323, d0i:10.1684/agr.2007.0119.

40. Panagos, P.; Ballabio, C.; Poesen, J.; Lugato, E.; Scarpa, S.; Montanarella, L.; Borrelli, P. A Soil Erosion
Indicator for Supporting Agricultural, Environmental and Climate Policies in the European Union. Remote
Sensing 2020, 12, 1365, doi:10.3390/rs12091365.

41. Aguilera, E.; Lassaletta, L.; Sanz-Cobena, A.; Garnier, J.; Vallejo, A. The Potential of Organic Fertilizers and
Water Management to Reduce N20O Emissions in Mediterranean Climate Cropping Systems. A Review.
Agriculture, Ecosystems & Environment 2013, 164, 32-52, doi:10.1016/j.agee.2012.09.006.

42. Stolte, J.; Tesfai, M.; Oygarden, L.; Kveerng, S.; Keizer, ].; Verheijen, F.; Panagos, P.; Ballabio, C.; Hessel, R.
Soil Threats in Europe; Publications Office: Luxembourg, 2016; ISBN 978-92-79-54018-9.

43. Capolongo, D.; Diodato, N.; Mannaerts, C.M.; Piccarreta, M.; Strobl, R.O. Analyzing Temporal Changes in
Climate Erosivity Using a Simplified Rainfall Erosivity Model in Basilicata (Southern Italy). Journal of
Hydrology 2008, 356, 119-130, d0i:10.1016/j.jhydrol.2008.04.002.

44. Garcia-Ruiz, ].M.; Begueria, S.; Nadal-Romero, E.; Gonzalez-Hidalgo, J.C.; Lana-Renault, N.; Sanjuan, Y. A
Meta-Analysis of Soil Erosion Rates across the World. Geomorphology 2015, 239, 160-173,
doi:10.1016/j.geomorph.2015.03.008.


https://doi.org/10.20944/preprints202411.1480.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 19 November 2024 d0i:10.20944/preprints202411.1480.v1

26

45. Taddese, G. Land Degradation: A Challenge to Ethiopia. Environmental Management 2001, 27, 815-824,
doi:10.1007/s002670010190.

46. Boardman, J. A Short History of Muddy Floods. Land Degrad Dev 2010, 21, 303-309, doi:10.1002/1dr.1007.

47. Galli, G.; Solidoro, C.; Lovato, T. Marine Heat Waves Hazard 3D Maps and the Risk for Low Motility
Organisms in a Warming Mediterranean Sea. Front. Mar. Sci. 2017, 4, 136, doi:10.3389/fmars.2017.00136.

48. Seneviratne, S.I.; Zhang, X.; Adnan, M.; et al. In Climate Change 2021 — The Physical Science Basis: Working
Group I Contribution to the Sixth Assessment Report of the Intergovernmental Panel on Climate Change
Masson-Delmotte, V., P. Zhai, A. Pirani, S.L. Connors, C. Péan, S. Berger, N. Caud, Y. Chen, L. Goldfarb,
M.I. Gomis, M. Huang, K. Leitzell, E. Lonnoy, J.B.R. Matthews, T.K. Maycock, T. Waterfield, O. Yelekgi, R.
Yu, and B. Zhou (eds.)].; Cambridge University Press, 2021 ISBN 978-1-00-915789-6.

49. Adloff, F.; Somot, S.; Sevault, F.; Jorda, G.; Aznar, R.; Déqué, M.; Herrmann, M.; Marcos, M.; Dubois, C.;
Padorno, E.; et al. Mediterranean Sea Response to Climate Change in an Ensemble of Twenty First Century
Scenarios. Clim Dyn 2015, 45, 2775-2802, doi:10.1007/s00382-015-2507-3.

50. European Investment Bank, JASPERS Publications Office Approach to Climate Proofing for Water and
Wastewater Projects 2024.

51. European Investment Bank, JASPERS Publications Office Case Study:Climate Proofing of Water and
Wastewater Projects.

52. European Investment Bank, JASPERS Publications Office Approach to Climate Proofing for Flood and
Disaster Risk Management Projects 2023.

53. European Investment Bank, JASPERS Publications Office Case Study: Climate Proofing of a Flood
Protection Project 2023.

54. Stamou, A.; Mitsopoulos, G.; Koutroulis, A. Proposed Methodology for Climate Change Adaptation of
Water Infrastructures in the Mediterranean Region. Environ. Process. 2024, 11, 12, doi:10.1007/s40710-024-
00691-w.

55. Fiorillo, D.; Kapelan, Z.; Xenochristou, M.; De Paola, F.; Giugni, M. Assessing the Impact of Climate Change
on Future Water Demand Using Weather Data. Water Resour Manage 2021, 35, 1449-1462,
do0i:10.1007/s11269-021-02789-4.

56. Atkins Impact of Climate Change on Dams & Reservoirs; 2013;

57. Malm, R.; Hellgren, R.; Enzell, ]. Lessons Learned Regarding Cracking of a Concrete Arch Dam Due to
Seasonal Temperature Variations. Infrastructures 2020, 5, 19, doi:10.3390/infrastructures5020019.

58. Bartlett, J.A.; Dedekorkut-Howes, A. Adaptation Strategies for Climate Change Impacts on Water Quality:
A Systematic Review of the Literature. Journal of Water and Climate Change 2023, 14, 651-675,
doi:10.2166/wcc.2022.279.

59. Boholm, A. ; Prutzer, M. Experts’ Understandings of Drinking Water Risk Management in a Climate Change
Scenario. Climate Risk Management 2017, 16, 133-144, doi:10.1016/j.crm.2017.01.003.

60. Lyn, D.A.; Stamou, A.L; Rodi, W. Density Currents and Shear-Induced Flocculation in Sedimentation
Tanks. Journal of Hydraulic Engineering 1992, 118, 849-867, doi:10.1061/(ASCE)0733-9429(1992)118:6(849).

61. European Commission. Directorate General for Climate Action. EU-Level Technical Guidance on Adapting
Buildings to Climate Change.; Publications Office: LU, 2023;

62. SP Energy Networks Climate Change Adaptation Report; 2021;

63. Jusko, V.; Sedmak, R.; Kudela, P. Siltation of Small Water Reservoir under Climate Change: A Case Study
from Forested Mountain Landscape of Western Carpathians, Slovakia. Water 2022, 14, 2606,
do0i:10.3390/w14172606.

64. Chan, A.Y,; Kim, H.; Bell, M.L. Higher Incidence of Novel Coronavirus (COVID-19) Cases in Areas with
Combined Sewer Systems, Heavy Precipitation, and High Percentages of Impervious Surfaces. Science of
The Total Environment 2022, 820, 153227, doi:10.1016/j.scitotenv.2022.153227.

65. Reoyo-Prats, B.; Aubert, D.; Sellier, A.; Roig, B.; Palacios, C. Dynamics and Sources of Pharmaceutically
Active Compounds in a Coastal Mediterranean River during Heavy Rains. Environ Sci Pollut Res 2018, 25,
6107-6121, doi:10.1007/s11356-017-0880-7.

66. Fortier, C.; Mailhot, A. Climate Change Impact on Combined Sewer Overflows. ]. Water Resour. Plann.
Manage. 2015, 141, 04014073, doi:10.1061/(ASCE)WR.1943-5452.0000468.

67. Jagai, ].S.; Li, Q.; Wang, S.; Messier, K.P.; Wade, T.J.; Hilborn, E.D. Extreme Precipitation and Emergency
Room Visits for Gastrointestinal Illness in Areas with and without Combined Sewer Systems: An Analysis
of Massachusetts Data, 2003—2007. Environ Health Perspect 2015, 123, 873-879, d0i:10.1289/ehp.1408971.

68. Hassan, W.H,; Nile, B.K.; Al-Masody, B.A. Climate Change Effect on Storm Drainage Networks by Storm
Water Management Model. Environmental Engineering Research 2017, 22, 393-400, d0i:10.4491/eer.2017.036.

69. Nowakowska, M.; Wartalska, K.; Kazmierczak, B.; Kotowski, A. Verification of the Stormwater Drainage
System Overloads in Wroctaw for an Assessment of Climate Change Effects. Period. Polytech. Civil Eng. 2019,
doi:10.3311/PPci.12668.


https://doi.org/10.20944/preprints202411.1480.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 19 November 2024 d0i:10.20944/preprints202411.1480.v1

27

70. Ryu,].; Oh, J; Snyder, S.A.; Yoon, Y. Determination of Micropollutants in Combined Sewer Overflows and
Their Removal in a Wastewater Treatment Plant (Seoul, South Korea). Environ Monit Assess 2014, 186, 3239—
3251, d0i:10.1007/s10661-013-3613-5.

71. Ozkan, I.; Kadhom, B.; Roshani, E.; Shirkhani, H.; Hiedra-Cobo, J.; Cusson, D.; Nkinamubanzi, P.-C.
Adaptation of Dams to Climate Change: Gap Analysis; National Research Council of Canada. Construction
Research Centre, 2023; Vol. A1-020144-R01;.

72.  MacTavish, L.; Bourgeois, G.; Lafleur, C.; Ristic, E. Climate Change Adaptation for Dams. A Review of
Climate Vulnerabilities, Adaptation Measures, and Opportunities for Growth in the Canadian Dams
Context; Canadian Standards Association: Toronto, ON., 2022; p. 52;.

73. Teréncio, D.P.S.; Cortes, RM.V.; Pacheco, F.A.L.; Moura, J.P.; Fernandes, L.F.S. A Method for Estimating
the Risk of Dam Reservoir Silting in Fire-Prone Watersheds: A Study in Douro River, Portugal. Water 2020,
12,2959, d0i:10.3390/w12112959.

74. Panossian, N.; Elgindy, T. Power System Wildfire Risks and Potential Solutions: A Literature Review &
Proposed Metric; 2023; p. NREL/TP--6A40-80746, 1984975, Mainld:77530;

75. Jaroszweski, D.; Chapman, L.; Petts, ]. Assessing the Potential Impact of Climate Change on Transportation:
The Need for an Interdisciplinary Approach. Journal of Transport Geography 2010, 18, 331-335,
doi:10.1016/j.jtrangeo.2009.07.005.

76. Paul, MJ,; LeDuc, S.D.; Lassiter, M.G.; Moorhead, L.C.; Noyes, P.D.; Leibowitz, S5.G. Wildfire Induces
Changes in Receiving Waters: A Review With Considerations for Water Quality Management. Water
Resources Research 2022, 58, e2021WR030699, d0i:10.1029/2021WR030699.

77. Raoelison, O.D.; Valenca, R; Lee, A.; Karim, S.; Webster, ].P.; Poulin, B.A.; Mohanty, S.K. Wildfire Impacts
on Surface Water Quality Parameters: Cause of Data Variability and Reporting Needs. Environmental
Pollution 2023, 317, 120713, d0i:10.1016/j.envpol.2022.120713.

78. Wilk, P.; Szlapa, M.; Hachaj, P.S.; Orlinska-Wozniak, P.; Jakusik, E.; Szalinska, E. From the Source to the
Reservoir and beyond —Tracking Sediment Particles with Modeling Tools under Climate Change
Predictions (Carpathian Mts.). | Soils Sediments 2022, 22, 2929-2947, doi:10.1007/s11368-022-03287-9.

79. Dong, K,; Li, Z.; Lu, X,; Chen, C.; Sheng, J.; Chen, ]J.; Wu, Z. Analysis of Dam Overtopping Failure Risks
Caused by Landslide-Induced Surges Considering Spatial Variability of Material Parameters. Front. Earth
Sci. 2021, 9, 675900, doi:10.3389/feart.2021.675900.

80. Howard, G.; Calow, R.; Macdonald, A.; Bartram, J. Climate Change and Water and Sanitation: Likely
Impacts and Emerging Trends for Action. Annu. Rev. Environ. Resour. 2016, 41, 253-276,
doi:10.1146/annurev-environ-110615-085856.

81. Meyers, S.D.; Landry, S.; Beck, M.W.; Luther, M.E. Using Logistic Regression to Model the Risk of Sewer
Overflows Triggered by Compound Flooding with Application to Sea Level Rise. Urban Climate 2021, 35,
100752, doi:10.1016/j.uclim.2020.100752.

82. Tansel, B.; Zhang, K. Effects of Saltwater Intrusion and Sea Level Rise on Aging and Corrosion Rates of Iron
Pipes in Water Distribution and Wastewater Collection Systems in Coastal Areas. Journal of Environmental
Management 2022, 315, 115153, d0i:10.1016/j.jenvman.2022.115153.

83. Li, X.,; O'Moore, L.; Wilkie, S.; Song, Y.; Wei, J.; Bond, P.L.; Yuan, Z.; Hanzic, L.; Jiang, G. Nitrite Admixed
Concrete for Wastewater Structures: Mechanical Properties, Leaching Behavior and Biofilm Development.
Construction and Building Materials 2020, 233, 117341, doi:10.1016/j.conbuildmat.2019.117341.

84. Budd, E.; Babcock, R.W.; Spirandelli, D.; Shen, S.; Fung, A. Sensitivity Analysis of a Groundwater
Infiltration Model and Sea-Level Rise Applications for Coastal Sewers. Water 2020, 12, 923,
doi:10.3390/w12030923.

85. Masterson, J.P.; Garabedian, S.P. Effects of Sea-Level Rise on Ground Water Flow in a Coastal Aquifer
System. Groundwater 2007, 45, 209-217, doi:10.1111/j.1745-6584.2006.00279.x.

86. Engle, N.L.; Daniell, M.; Felter, G.; Sean, N. Resilient-Water-Infrastructure-Design-Brief.Pdf;, World Bank
Group: Washington, D.C., 2020;

87. US Department of Homeland Security (DHS) Infrastructure Data Taxonomy - Version 4 2011.

88.  EN 1990 Eurocode - Basis of Structural Design.

89. Intergovernmental Panel On Climate Change (Ipcc) Annex VI: Climatic Impact-Driver and Extreme Indices
[Gutiérrez ].M., R. Ranasinghe, A.C. Ruane, R. Vautard (Eds.)]. In Climate Change 2021 — The Physical Science
Basis: Working Group I Contribution to the Sixth Assessment Report of the Intergovernmental Panel on Climate
Change[Masson-Delmotte, V., P. Zhai, A. Pirani, S.L. Connors, C. Péan, S. Berger, N. Caud, Y. Chen, L. Goldfarb,
M.I. Gomis, M. Huang, K. Leitzell, E. Lonnoy, |.B.R. Matthews, T.K. Maycock, T. Waterfield, O. Yelekci, R. Yu, and
B. Zhou (eds.)].; Cambridge University Press, 2021 ISBN 978-1-00-915789-6.

90. Svoboda, M.D.; Fuchs, B.A. Handbook of Drought Indicators and Indices; World Meteorological Organization:
Geneva, 2016; ISBN 978-92-63-11173-9.

91. Expert Team on Climate Change Detection and Indices (ETCCDI) Indices of CLIMPACT and CLIMDEX
Available online: https://www.climdex.org/learn/indices/.


https://doi.org/10.20944/preprints202411.1480.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 19 November 2024 d0i:10.20944/preprints202411.1480.v1

28

92. Crespi, A.; Terzi, S.; Cocuccioni, S.; Zebisch, M.; Berckmans, J.; Fiissel, H.-M. Climate-Related Hazard
Indices for Europe. 2020, doi:10.25424/CMCC/CLIMATE_RELATED_HAZARD_INDICES_EUROPE_2020.

93. Hawchar, L.; Naughton, O.; Nolan, P.; Stewart, M.G.; Ryan, P.C. A GIS-Based Framework for High-Level
Climate Change Risk Assessment of Critical Infrastructure. Climate Risk Management 2020, 29, 100235,
d0i:10.1016/j.crm.2020.100235.

94. Felix, M.L.; Kim, Y.; Choi, M.; Kim, ]J.-C.; Do, XK.; Nguyen, T.H.; Jung, K. Detailed Trend Analysis of
Extreme Climate Indices in the Upper Geum River Basin. Water 2021, 13, 3171, doi:10.3390/w13223171.

95. Hayhoe, K.; Robson, M.; Rogula, J.; Auffhammer, M.; Miller, N.; VanDorn, J.; Wuebbles, D. An Integrated
Framework for Quantifying and Valuing Climate Change Impacts on Urban Energy and Infrastructure: A
Chicago Case Study. Journal of Great Lakes Research 2010, 36, 94-105, doi:10.1016/j.jglr.2010.03.011.

96. Capar, G. Climate Change and Water Resources Management 2019.

97. Rahmani, V.,; Harrington, J. Assessment of Climate Change for Extreme Precipitation Indices: A Case Study
from the Central United States. Intl Journal of Climatology 2019, 39, 1013-1025, doi:10.1002/joc.5858.

98. Li, Z;Li, X,; Wang, Y.; Quiring, S.M. Impact of Climate Change on Precipitation Patterns in Houston, Texas,
USA. Anthropocene 2019, 25, 100193, doi:10.1016/j.ancene.2019.100193.

99. Nontikansak, P.; Shrestha, S.; Shanmugam, M.S.; Loc, H.H.; Virdis, S.G.P. Rainfall Extremes under Climate
Change in the Pasak River Basin, Thailand. Journal of Water and Climate Change 2022, 13, 3729-3746,
doi:10.2166/wcc.2022.232.

100. Vondou, D.A.; Guenang, G.M.; Djiotang, T.L.A.; Kamsu-Tamo, P.H. Trends and Interannual Variability of
Extreme Rainfall Indices over Cameroon. Sustainability 2021, 13, 6803, d0i:10.3390/su13126803.

101. Reddy, N.M.; Saravanan, S. Extreme Precipitation Indices over India Using CMIP6: A Special Emphasis on
the SSP585 Scenario. Environ Sci Pollut Res 2023, 30, 47119-47143, doi:10.1007/s11356-023-25649-7.

102. Yilmaz, A.G. The Effects of Climate Change on Historical and Future Extreme Rainfall in Antalya, Turkey.
Hydrological Sciences Journal 2015, 60, 2148-2162, d0i:10.1080/02626667.2014.945455.

103. Heo, J.-H.; Ahn, H.; Shin, J.-Y.; Kjeldsen, T.R.; Jeong, C. Probability Distributions for a Quantile Mapping
Technique for a Bias Correction of Precipitation Data: A Case Study to Precipitation Data Under Climate
Change. Water 2019, 11, 1475, doi:10.3390/w11071475.

104. Gan, T.Y,; Ito, M.; Hiilsmann, S.; Qin, X,; Lu, X.X,; Liong, S.Y.; Rutschman, P.; Disse, M.; Koivusalo, H.
Possible Climate Change/Variability and Human Impacts, Vulnerability of Drought-Prone Regions, Water
Resources and Capacity Building for Africa. Hydrological —Sciences Journal 2016, 1-18,
doi:10.1080/02626667.2015.1057143.

105. Szalinska, W.; Otop, I.; Tokarczyk, T. Local Urban Risk Assessment of Dry and Hot Hazards for Planning
Mitigation Measures. Climate Risk Management 2021, 34, 100371, d0i:10.1016/j.crm.2021.100371.

106. Yuan, Z.; Liang, C.; Li, D. Urban Stormwater Management Based on an Analysis of Climate Change: A Case
Study of the Hebei and Guangdong Provinces. Landscape and Urban Planning 2018, 177, 217-226,
doi:10.1016/j.landurbplan.2018.04.003.

107. Afzal, M.; Ragab, R. Assessment of the Potential Impacts of Climate Change on the Hydrology at
Catchment Scale: Modelling Approach Including Prediction of Future Drought Events Using Drought
Indices. Appl Water Sci 2020, 10, 215, d0i:10.1007/s13201-020-01293-1.

108. Jenkins, K.; Warren, R. Quantifying the Impact of Climate Change on Drought Regimes Using the
Standardised Precipitation Index. Theor Appl Climatol 2015, 120, 41-54, doi:10.1007/s00704-014-1143-x.

109. Bong, C.H.J.; Richard, J. Drought and Climate Change Assessment Using Standardized Precipitation Index
(SPI) for Sarawak River Basin. Journal of Water and Climate Change 2020, 11, 956-965,
doi:10.2166/wcc.2019.036.

110. Strzepek, K.; Yohe, G.; Neumann, J.; Boehlert, B. Characterizing Changes in Drought Risk for the United
States from Climate Change. Environ. Res. Left. 2010, 5, 044012, doi:10.1088/1748-9326/5/4/044012.

111. Coughlan De Perez, E.; Fuentes, I; Jack, C.; Kruczkiewicz, A.; Pinto, I; Stephens, E. Different Types of
Drought under Climate Change or Geoengineering: Systematic Review of Societal Implications. Front. Clim.
2022, 4, 959519, doi:10.3389/fclim.2022.959519.

112. Atiem, LA.; Siddig, M.S.A,; Hamukwaya, S.L.; Ahmed, H.I; Taha, M.M.M.; Ibrahim, S.; Osman, Y.
Assessment of Seasonal Rainfall Drought Indices, Nyala City Sudan. Agriculture 2022, 12, 1069,
doi:10.3390/agriculture12071069.

113. Koutroulis, A.G.; Papadimitriou, L.V.; Grillakis, M.G.; Tsanis, 1.K.; Wyser, K.; Betts, R.A. Freshwater
Vulnerability under High End Climate Change. A Pan-European Assessment. Science of The Total
Environment 2018, 613-614, 271-286, doi:10.1016/j.scitotenv.2017.09.074.

114. Hieu, N.V,; Tuan, N.V.; Bang, N.K.; Hai, P.H.; Ha, L.V.; Hoa, T.T. Assessment of Hydrological Drought
Using the Standardized Streamflow Index (SSFI): A Case Study of the Tien Yen River Basin of Quang Ninh
Province, Vietnam. GEP 2022, 10, 309-326, d0i:10.4236/gep.2022.108019.

115. Levina; Diaz, B.; Hatmoko, W. ASSESSMENT OF CLIMATE CHANGE IMPACTS USING
HYDROLOGICAL DROUGHT INDEX. 2019.


https://doi.org/10.20944/preprints202411.1480.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 19 November 2024 d0i:10.20944/preprints202411.1480.v1

29

116. Tian, Z.; Lyu, X.-Y.; Zou, H.; Yang, H.-L.; Sun, L.; Pinya, M.S.; Chao, Q.-C.; Feng, A.-Q.; Smith, B. Advancing
Index-Based Climate Risk Assessment to Facilitate Adaptation Planning: Application in Shanghai and
Shenzhen, China. Advances in Climate Change Research 2022, 13, 432-442, doi:10.1016/j.accre.2022.02.003.

117. Dong, X.; Jiang, L.; Zeng, S.; Guo, R.; Zeng, Y. Vulnerability of Urban Water Infrastructures to Climate
Change at City Level. Resources, Conservation and  Recycling 2020, 161, 104918,
doi:10.1016/j.resconrec.2020.104918.

118. WSP Assessment of Climate Change Impacts on Infrastructure in All NWT Communities.; Report
produced for Government of Northwest Territories, 2021; p. 61;.

119. Lionello, P.; Scarascia, L. The Relation between Climate Change in the Mediterranean Region and Global
Warming. Reg Environ Change 2018, 18, 1481-1493, doi:10.1007/s10113-018-1290-1.

120. Arnell, N.W.; Delaney, E.K. Adapting to Climate Change: Public Water Supply in England and Wales.
Climatic Change 2006, 78, 227-255, doi:10.1007/s10584-006-9067-9.

121. Nogherotto, R.; Fantini, A.; Raffaele, F.; Di Sante, F.; Dottori, F.; Coppola, E.; Giorgi, F. A Combined
Hydrological and Hydraulic Modelling Approach for the Flood Hazard Mapping of the Po River Basin. |
Flood Risk Management 2022, 15, 12755, d0i:10.1111/jfr3.12755.

122. Rocha, J.; Carvalho-Santos, C.; Diogo, P.; Bega, P.; Keizer, ].J.; Nunes, J.P. Impacts of Climate Change on
Reservoir Water Availability, Quality and Irrigation Needs in a Water Scarce Mediterranean Region
(Southern Portugal). Science of The Total Environment 2020, 736, 139477, doi:10.1016/j.scitotenv.2020.139477.

123. Gorguner, M.; Kavvas, M.L. Modeling Impacts of Future Climate Change on Reservoir Storages and
Irrigation Water Demands in a Mediterranean Basin. Science of The Total Environment 2020, 748, 141246,
doi:10.1016/j.scitotenv.2020.141246.

124. Ertiirk, A.; Ekdal, A.; Giirel, M.; Karakaya, N.; Guzel, C.; Goneng, E. Evaluating the Impact of Climate
Change on Groundwater Resources in a Small Mediterranean Watershed. Science of The Total Environment
2014, 499, 437-447, doi:10.1016/j.scitotenv.2014.07.001.

125. Pool, S.; Francés, F.; Garcia-Prats, A.; Pulido-Velazquez, M.; Sanchis-Ibor, C.; Schirmer, M.; Yang, H,;
Jiménez-Martinez, J. From Flood to Drip Irrigation Under Climate Change: Impacts on Evapotranspiration
and Groundwater Recharge in the Mediterranean Region of Valencia (Spain). Earth’s Future 2021, 9,
€2020EF001859, doi:10.1029/2020EF001859.

126. Qian, Y.; Jackson, C.; Giorgi, F.; Booth, B.; Duan, Q.; Forest, C.; Higdon, D.; Hou, Z.].; Huerta, G. Uncertainty
Quantification in Climate Modeling and Projection. Bulletin of the American Meteorological Society 2016, 97,
821-824, doi:10.1175/BAMS-D-15-00297.1.

127. Van Vuuren, D.P.; Edmonds, J.; Kainuma, M.; Riahi, K.; Thomson, A.; Hibbard, K.; Hurtt, G.C.; Kram, T.;
Krey, V.; Lamarque, J.-F.; et al. The Representative Concentration Pathways: An Overview. Climatic Change
2011, 109, 5-31, doi:10.1007/s10584-011-0148-z.

128. Zittis, G.; Bruggeman, A.; Lelieveld, ]. Revisiting Future Extreme Precipitation Trends in the
Mediterranean. Weather and Climate Extremes 2021, 34, 100380, doi:10.1016/j.wace.2021.100380.

129. Furlan, E.; Derepasko, D.; Torresan, S.; Pham, H.V.; Fogarin, S.; Critto, A. Ecosystem Services at Risk in Italy
from Coastal Inundation under Extreme Sea Level Scenarios up to 2050: A Spatially Resolved Approach
Supporting Climate Change Adaptation. Integr Envir Assess & Manag 2022, 18, 1564-1577,
do0i:10.1002/ieam.4620.

130. Knutti, R.; Furrer, R.; Tebaldi, C.; Cermak, J.; Meehl, G.A. Challenges in Combining Projections from
Multiple Climate Models. Journal of Climate 2010, 23, 27392758, doi:10.1175/2009]CLI3361.1.

131. Tebaldi, C.; Knutti, R. The Use of the Multi-Model Ensemble in Probabilistic Climate Projections. Phil. Trans.
R. Soc. 2007, A, 2075, doi:http://doi.org/10.1098/rsta.2007.2076.

132. Maraun, D.; Shepherd, T.G.; Widmann, M.; Zappa, G.; Walton, D.; Gutiérrez, ].M.; Hagemann, S.; Richter,
I; Soares, PM.M.; Hall, A.; et al. Towards Process-Informed Bias Correction of Climate Change
Simulations. Nature Climate Change 2017, 7, 764-773, d0i:10.1038/nclimate3418.

133. Grillakis, M.G.; Koutroulis, A.G.; Daliakopoulos, I.N.; Tsanis, I.K. A Method to Preserve Trends in Quantile
Mapping Bias Correction of Climate Modeled Temperature. Earth Syst. Dynam. 2017, 8, 889-900,
doi:10.5194/esd-8-889-2017.

134. Maraun, D.; Widmann, M. Statistical Downscaling and Bias Correction for Climate Research; Cambridge
University Press: Cambridge, 2018; ISBN 978-1-107-06605-2.

135. Intergovernmental Panel On Climate Change (Ipcc) Smmary for Policymakers. In In: Climate Change 2014:
Impacts, Adaptation, and Vulnerability. Part A: Global and Sectoral Aspects. Contribution of Working
Group II to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change. Field CB,
Barros VR, Dokken DJ, Mach K], Mastrandrea MD, Bilir TE, Chatterjee M, Ebi KL, Estrada YO, Genova RC,
Girma B, Kissel ES, Levy AN, MacCracken S, Mastrandrea PR, White LL (eds); Cambridge University Press:
Cambridge, United Kingdom and New York NY USA, 2014; pp. 1-32.

136. Intergovernmental Panel On Climate Change (Ipcc) Climate Change 2022: Impacts, Adaptation and
Vulnerability 2022.


https://doi.org/10.20944/preprints202411.1480.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 19 November 2024 d0i:10.20944/preprints202411.1480.v1

30

137. Smit, B.; Pilifosova, O.; Burton, I.; Challenger, B.; Huq, S.; Klein, R.]J.T.; Adger, N.; Downing, T.; Harvey, E.;
Kane, S; et al. Adaptation to Climate Change in the Context of Sustainable Development and Equity. In In:
McCarthy J], Canziani OF, Leary NA, Dokken D], White KS (2001) Climate Change 2001: Impacts, Adaptation and
Vulner-ability. Contribution of Working Group 11 to the Third Assessment Report of the Intergovernmental Panel on
Climate Change; Cambridge University Press, 2001; pp. 879-906.

138. Forzieri, G.; Bianchi, A ; Silva, F.B.E.; Marin Herrera, M.A.; Leblois, A.; Lavalle, C.; Aerts, ].C.J.H.; Feyen, L.
Escalating Impacts of Climate Extremes on Critical Infrastructures in Europe. Global Environmental Change
2018, 48, 97-107, doi:10.1016/j.gloenvcha.2017.11.007.

139. European Commission (EC) Commission of the European Communities, Proposal for a Directive of the
Council on the Identification and Designation of European Critical Infrastructure and the Assessment of
the Need to Improve Their Protection, COM (2006) 787 Final 2006.

140. EU-Circle consortium D3.4 Holistic CI Climate Hazard Risk Assessment Framework; EU-CIRCLE
consortium, 2016;

141. Leventakis, G.; Sfetsos, A.; Nikitakos, N. Risk Assessment for Interconnected Critical Infrastructures: The
Case of Ship- Port Interface. In Proceedings of the Proceedings of the 52nd ESReDA Seminar 52nd ESReDA
Seminar; Lithuanian Energy Institute and Vytautas Magnus University: Kaunas, Lithuania, May 30 2017.

142. Bouaziz, M.; Medhioub, E.; Csaplovisc, E. A Machine Learning Model for Drought Tracking and
Forecasting Using Remote Precipitation Data and a Standardized Precipitation Index from Arid Regions.
Journal of Arid Environments 2021, 189, 104478, doi:10.1016/j.jaridenv.2021.104478.

143. Zhina, D.; Montenegro, M.; Montalvan, L.; Mendoza, D.; Contreras, J.; Campozano, L.; Avilés, A. Climate
Change Influences of Temporal and Spatial Drought Variation in the Andean High Mountain Basin.
Atmosphere 2019, 10, 558, doi:10.3390/atmos10090558.

144. Ashaolu, E.D.; Iroye, K.A. Rainfall and Potential Evapotranspiration Patterns and Their Effects on Climatic
Water Balance in the Western Lithoral Hydrological Zone of Nigeria. Ruhuna ]. Sci. 2018, 9, 92,
doi:10.4038/1js.v9i2.45.

145. Barde, V.; Nageswararao, M.M.; Mohanty, U.C.; Panda, R.K.; Ramadas, M. Characteristics of Southwest
Summer Monsoon Rainfall Events over East India. Theor Appl Climatol 2020, 141, 1511-1528,
doi:10.1007/s00704-020-03251-y.

146. International Organization for Standardization (ISO Risk Management—Principles and Guidelines;
1SO31000:2009; 2009.

147. Intergovernmental Panel on Climate Change (IPCC) Climate Change 2022 — Impacts, Adaptation and
Vulnerability: Working Group II Contribution to the Sixth Assessment Report of the Intergovernmental
Panel on Climate Change; Cambridge University Press: Cambridge, 2023;

148. Forzieri, G.; Feyen, L.; Russo, S.; Vousdoukas, M.; Alfieri, L.; Outten, S.; Migliavacca, M.; Bianchi, A.; Rojas,
R.; Cid, A. Multi-Hazard Assessment in Europe under Climate Change. Climatic Change 2016, 137, 105-119,
d0i:10.1007/s10584-016-1661-x.

149. Asian Development Bank Guidelines for Climate Proofing Investment in the Water Sector: Water Supply and
Sanitation; Asian Development Bank Institute: Manila, 2016; ISBN 978-92-9257-669-1.

150. Mao, Q.; Li, N. Assessment of the Impact of Interdependencies on the Resilience of Networked Critical
Infrastructure Systems. Nat Hazards 2018, 93, 315-337, d0i:10.1007/s11069-018-3302-3.

151. Ajjour, R.; Saleh, S.B. Guide for Developing Climate Risk Management Plans (CRMPs) in Small and
Medium Sized Water and Wastewater Systems in Jordan Systematic Approach for Developing Climate Risk
Plans for the Water Sector 2022.

152. Becher, O.; Pant, R.; Verschuur, J.; Mandal, A.; Paltan, H.; Lawless, M.; Raven, E.; Hall, J. A Multi-Hazard
Risk Framework to Stress-Test Water Supply Systems to Climate-Related Disruptions. Earth’s Future 2023,
11, e2022EF002946, doi:https://doi.org/10.1029/2022EF002946.

153. WSP Committee on Climate Change INTERACTING RISKS IN INFRASTRUCTURE AND THE BUILT
AND NATURAL ENVIRONMENTS Research in Support of the UK’s Third Climate Change Risk
Assessment Evidence Report; 2020;

154. Padmanabhi, R.; Richmond, M.; Naran, B.; Bagnera, E.; Stout, S. Climate Policy Initiative Tracking
Investments in Climate Resilient Infrastructure Building Resilience Against Floods and Droughts; 2022;

155. Swanson, D.; Murphy, D.; Temmer, ].; Scaletta, T. Advancing the Climate Resilience of Canadian Infrastructure
- A Review of Literature to Inform the Way Forward; International Institute for Sustainable Development (IISD):
Winnipeg, Manitoba, 2021;

156. Pathirana, A.; Heijer, F.D.; Sayers, P.B. Water Infrastructure Asset Management Is Evolving. Infrastructures
2021, 6, 90, doi:10.3390/infrastructures6060090.

157. Wagner, D. Assessment of the Probability of Extreme Weather Events and Their Potential e!Ects in Large
Conurbations. Atmospheric Environment 1999.

158. Rodrigues, D.T.; Gongalves, W.A.; Spyrides, M.H.C.; Andrade, L.D.M.B.; De Souza, D.O.; De Araujo,
P.A.A,; Da Silva, A.C.N.; Silva, CM.S.E. Probability of Occurrence of Extreme Precipitation Events and


https://doi.org/10.20944/preprints202411.1480.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 19 November 2024 d0i:10.20944/preprints202411.1480.v1

31

Natural Disasters in the City of Natal, Brazil. Urban Climate 2021, 35, 100753,
doi:10.1016/j.uclim.2020.100753.

159. Vlachogiannis, D.; Sfetsos, A.; Markantonis, I; Politi, N.; Karozis, S.; Gounaris, N. Quantifying the
Occurrence of Multi-Hazards Due to Climate Change. Applied Sciences 2022, 12, 1218,
do0i:10.3390/app12031218.

160. Bubeck, P.; Otto, A.; Weichselgartner, J. Societal Impacts of Flood Hazards. In Oxford Research Encyclopedia
of Natural Hazard Science; Oxford University Press, 2017 ISBN 978-0-19-938940-7.

161. Meyer, V.; Becker, N.; Markantonis, V.; Schwarze, R.; Van Den Bergh, J.C.].M.; Bouwer, L.M.; Bubeck, P.;
Ciavola, P.; Genovese, E.; Green, C.; et al. Review Article: Assessing the Costs of Natural Hazards — State
of the Art and Knowledge Gaps. Nat. Hazards Earth Syst. Sci. 2013, 13, 1351-1373, d0i:10.5194/nhess-13-1351-
2013.

162. Green, C.; Viavattene, C.; Thompson, P. Guidance for Assessing Flood Losses - CONHAZ Report; Middlesex
University, 2011;

163. Porter, J.R.; Marston, M.L.; Shu, E.; Bauer, M.; Lai, K.; Wilson, B.; Pope, M. Estimating Pluvial Depth-
Damage Functions for Areas within the United States Using Historical Claims Data. Nat. Hazards Rev. 2023,
24, 04022048, doi:10.1061/NHREFO.NHENG-1543.

164. McClelland, D.; Bowles, D. Estimating Life Loss For Dam Safety Risk Assessment - A Review and New Approach;
Institute for Dam Safety Risk Management: Utah State University, 2002;

165. Allaire, M. Socio-Economic Impacts of Flooding: A Review of the Empirical Literature. Water Security 2018,
3, 18-26, d0i:10.1016/j.wasec.2018.09.002.

166. Del Giudice, V.; Salvo, F.; De Paola, P.; Del Giudice, F.P.; Tavano, D. Ex-Ante Flooding Damages” Monetary
Valuation Model for Productive and Environmental Resources. Water 2024, 16, 665, d0i:10.3390/w16050665.

167. Nobanee, H.; Alhajjar, M.; Abushairah, G.; Al Harbi, S. Reputational Risk and Sustainability: A Bibliometric
Analysis of Relevant Literature. Risks 2021, 9, 134, d0i:10.3390/risks9070134.

168. European Environment Agency. Adaptation Challenges and Opportunities for the European Energy
System: Building a Climate Resilient Low Carbon Energy System.; Publications Office: LU, 2019;

169. Climate -Adapt Adaptation Options Available online: https://climate-
adapt.eea.europa.eu/en/knowledge/adaptation-information/adaptation-options.

170. European Commission. Directorate General for Regional and Urban Policy.; EY.; Arcadis. Climate Change
Adaptation of Major Infrastructure Projects: A Stock Taking of Available Resources to Assist the
Development of Climate Resilient Infrastructure.; Publications Office: LU, 2018;

171. Climate-ADAPT, Country Profiles Available online: https://climate-adapt.eea.europa.eu/countries-
regions/countries (accessed on 21 October 2024).

172. Leitner, M.; Dworak, T.; Johnson, K.; Lourenco, T.C.; Lexer, W.; Vanneuville, W.; Tomasova, A.; Prutsch, A.
Using Key Type Measures to Report Climate Adaptation Action in the EEA Member Countries; European Topic
Centre on Climate Change Impacts, Vulnerability and Adaptation (ETC/CCA), 2021;

173. Zabel, A.; Héusler, M.-M. Policy Instruments for Green Infrastructure. Landscape and Urban Planning 2024,
242, 104929, doi:10.1016/j.landurbplan.2023.104929.

174. Samad, M. Sea Level Change Adaptation Policies and Implementation Framework for U.S. Federal Projects.
2022.

175. Kolokytha, E. IS “GREENING OF ECONOMY” THE ANSWER TO SUSTAINABLE WATER RESOURCES
MANAGEMENT UNDER CLIMATE CHANGE? 2017.

176. Kolokytha, E.; Milopoulos, Y. Reorientating Water Resources Management and Engineering. In
Proceedings of the Proceedings of the 39th IAHR World Congress 19-24 June 2022, Granada, Spain; 2022.

177. Jun, X. WATER SECURITY ISSUE AND ADAPTIVE WATER MANAGEMENT OF CHINA FOR
CHANGING ENVIRONMENT. 2017.

178. Vojinovic, Z.; Sanchez, A.; Alves, A.; Abebe, Y.; Medina, N.; Domingo, N.S.; Djordjevic, S.; Chen, A.;
Pyatkova, K.; Pelling, M.; et al. ADAPTING TO CLIMATE CHANGE THROUGH HOLISTIC RISK
ASSESSMENT - THE PEARL APPROACH. 2017.

179. Silva, A.C.S.; Galvao, C.O.; Ribeiro, M.\M.R.; Andrade, T.S. INSTITUTIONAL ANALYSIS OF WATER
GOVERNANCE FOR ADAPTATION TO CLIMATE CHANGE. 2017.

180. Loudyi, D.; Ezzaouini, A.; Fahd, A. Flood Protection Strategy in the River Basin of Bouregreg and Chaouia:
Example of Adaptation Measures to Climate Change in Morocco.

181. Wongsa, S.; Sueathung, S.; Tebakari, T. CLIMATE CHANGE AND ADAPTIVE WATER MANAGEMENT
IN BANGPAKONG RIVER, THAILAND.

182. Kim, G.J.; Yoon, H.N.; Seo, S.B.; Kim, Y.-O. APPLICATION OF SHARED VISION PLANNING FOR
DROUGHT MITIGATION CLIMATE CHANGE ADAPTATION COUNCIL IN KOREA. 2019.

183. Ncube, S.; Arthur, S.; Fenner, R.; Kapetas, L. Dynamic Evolution of Natural Capital in Urban Drainage
Adaptation Planning 2020.


https://doi.org/10.20944/preprints202411.1480.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 19 November 2024 d0i:10.20944/preprints202411.1480.v1

32

184. Thistlethwaite, J.; Henstra, D. Municipal Flood Risk Sharing in Canada: A Policy Instrument Analysis.
Canadian Water Resources Journal / Revue canadienne des ressources hydriques 2017, 42, 349-363,
doi:10.1080/07011784.2017.1364144.

185. Yanagihara, H.; Kazama, S.; Tada, T. Evaluation of High-Floor Houses for Pluvial Floods in Japan.; Vienna,
Austria, August 25 2013; pp. 1149-1153.

186. Dada, A.; Leoni, P.; Barteni, F.; Grossi, G. Resilience of the Urban Drainage System in Brescia (Northern
Italy) to Climate Change: A Preliminary Analysis. In Proceedings of the Proceedings of the 39th JAHR
World Congress 19-24 June 2022, Granada, Spain; 2022.

187. Butts, M.; Jensen, R.; Larsen, J.; Mueller, H.; Richaud, B.; Larsen, P.; Barrera, M.A.C. SEASONAL
FORECASTING OF RESERVOIR INFLOWS AND THEIR UNCERTAINTIES. 2017.

188. Russo, B.; Martinez, M.; Paindelli, A. LIFE BAETULO Project: An Example of Climate Change Adaptation
to Cope with Flash Floods in Urban Areas Based on a Multi-Risk Early Warning System. 2022.

189. Lopez Lara, J.; Fernandez, A.; Lucio, D.; Machado, A.; Rodriguez, P.L.; De La Cruz Modino, R.; Herrera, G,;
Comes, L.; Losada, I; Tomas, A. Flexible Adaptation Strategies to Coastal Flooding Enhanced by Climate
Change in Macaronesia Coastal Urban Areas. In Proceedings of the Proceedings of the 39th IAHR World
Congress; International Association for Hydro-Environment Engineering and Research (IAHR), 2022; pp.
6582-6590.

190. Levonyan, L.; Simonyan, A. Adaptation to the Impact of Climate Change on Availability of Water Resources
and Development of Irrigated Agriculture in Armenia.

191. ELSENER METZ, ]J.; HUANG, Y.; SCHNEIDER, A.; et al. Adapting Flood Risk and Water Resources
Management to Climate Change in Changjiang Basin, China. In Proceedings of the Proceedings of 2013
IAHR World Congress; 2013.

192. Somorowska, U. Detecting Signals of Ecological Drought Events in Poland during the Last Decades.

193. Yamada, T.J.; Hoshino, T. THE ANALYSIS OF FUTURE FLOOD RISK IN HOKKAIDO, NORTHERN
JAPAN, USING DATABASE FOR POLICY DECISION MAKING FOR FUTURE CLIMATE CHANGE
(d4PDF).

194. Estrela-Segrelles, C.; Pérez-Martin, M.A. Hazard, Exposure, Vulnerability and Risk Maps Associated with
the Impact of Climate Change. Application in Jtcar River Basin District. 2022.

195. Busca, F.; Gémez-Villarino, M.T.; Revelli, R. Urban Trees and Water Management towards Climate Change
Adaptation.

196. Kamada, M.; Muto, Y.; Imai, Y. PADDY FIELDS AS GREEN INFRASTRUCTRE. 2017.

197. Oshikawa, H.; Komatsu, T. Flood Control Capability of Dry Dams Constructed in Series.

198. Sittoni, L.; Boer, J.; Dankers et al., P. Dutch Nature-Based and Beneficial Sediment Use Pilots in 2020. In
Proceedings of the 6th Iahr Europe Congress; 2020.

199. Benitez, C.; Schmidt, G.; Dworak, T. Approaching the Valuation of Costs and Benefits of Nature-Based
Solutions on Climate Adaptation against Drought. 2022.

200. Komkong, T.; Wongsa, S.; Nakamura, S. STUDY OF ADAPTATION MEASURES TO CLIMATE CHANGE
ON URBAN AREA IN BANGKOK, THAILAND.

201. Khalil, U.; Yang, S.; Sivakumar, M. Numerical Modelling for Assessing Coastal Flood Adaptation through
Downstream Storage: A Case Study of Coastal Reservoir for Brisbane Australia.

202. Tigelaar, ].H.; Kapetas, L.; Morel, M. Engaging Citizens in Multi-Purpose Nature-Based Solutions: The Case
of Amsterdam’s RESILIO Blue-Green Roofs Project.

203. Pulido-Velazquez, D.; Baena, L.; Mayor-Rodriguez, B.; Zorrilla-Miras, P.; Garcia-Ardstegui, J.L.; Collados-
Lara, A.J.; Pardo-Igiizquiza, E.; Rodriguez-Cabellos, ].A.; Fernandez-Silva, M.].; Viseas-Trinidad, F.J.; et al.
Contribution of Participatory Processes in the Definition of Climate Change Adaptation Strategies in the
Upper Guadiana Basin (Central Spain).

204. Technical Committee ISO/TC 207 Adaptation to Climate Change — Guidelines on Vulnerability, Impacts
and Risk Assessment; ISO 14091:2021; 2021.

205. US EPA Climate Change Adaptation Resource Center.

206. Hallegatte, S. Uncertainties in the Cost-Benefit Analysis of Adaptation Measures, and Consequences for
Decision Making. In Proceedings of the Climate; Linkov, 1., Bridges, T.S., Eds.; Springer Netherlands:
Dordrecht, 2011; pp. 169-192.

207. Quagliolo, C.; Roebeling, P.; Mendonga, R.; Pezzoli, A.; Comino, E. Integrating Biophysical and Economic
Assessment: Review of Nature-Based Adaptation to Urban Flood Extremes. Urban Science 2022, 6, 53,
d0i:10.3390/urbansci6030053.

208. Kourtis, LM.; Tsihrintzis, V.A. Adaptation of Urban Drainage Networks to Climate Change: A Review.
Science of The Total Environment 2021, 771, 145431, doi:10.1016/j.scitotenv.2021.145431.

209. Kirshen, P.; Aytur, S.; Hecht, J.; Walker, A.; Burdick, D.; Jones, S.; Fennessey, N.; Bourdeau, R.; Mather, L.
Integrated Urban Water Management Applied to Adaptation to Climate Change. Urban Climate 2018, 24,
247-263, d0i:10.1016/j.uclim.2018.03.005.


https://doi.org/10.20944/preprints202411.1480.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 19 November 2024 d0i:10.20944/preprints202411.1480.v1

33

210. Bojovic, D.; Giupponi, C.; Klug, H.; Morper-Busch, L.; Cojocaru, G.; Schorghofer, R. An Online Platform
Supporting the Analysis of Water Adaptation Measures in the Alps. Journal of Environmental Planning and
Management 2018, 61, 214-229, doi:10.1080/09640568.2017.1301251.

211. Le Blanc, D. E-Participation: A Quick Overview of Recent Qualitative Trends. United Nations, Department of
economic and social affairs 2020.

212. Metro Vancouver INFRASTRUCTURE VULNERABILITY TO CLIMATE CHANGE Fraser Sewerage Area
Infrastructure Final Report; Kerr Wood Leidal Associates Ltd.: Vancouver, 2009; p. 125;.

213. Stamou, A.; Mitsopoulos, G.; Stamou, A. Varotsos, K.V, Giannakopoulos, C.; Koutroulis, A.
VULNERABILITY OF DAMS AND RESERVOIRS TO CLIMATE CHANGE IN THE EDITERRANEAN
REGION: THE CASE OF ALMOPEOS DAM IN NORTHERN GREECE. In Proceedings of the Book of
Extended Abstracts 41st IAHR World Congress; Singapore, June 22 2025.

214. Alexandrakis, G.; Poulos, S.E. An Holistic Approach to Beach Erosion Vulnerability Assessment. Sci Rep
2014, 4, 6078, doi:10.1038/srep06078.

215. Papagiannaki, K.; Giannaros, T.M.; Lykoudis, S.; Kotroni, V.; Lagouvardos, K. Weather-Related Thresholds
for Wildfire Danger in a Mediterranean Region: The Case of Greece. Agricultural and Forest Meteorology
2020, 291, 108076, doi:10.1016/j.agrformet.2020.108076.

216. Noto, L.V,; Cipolla, G.; Pumo, D.; Francipane, A. Climate Change in the Mediterranean Basin (Part II): A
Review of Challenges and Uncertainties in Climate Change Modeling and Impact Analyses. Water Resources
Management 2023, 37, 2307-2323, doi:10.1007/s11269-023-03444-w.

217. Du, Y.;Wang, D.; Zhu, J.; Wang, D.; Qi, X.; Cai, ]. Comprehensive Assessment of CMIP5 and CMIP6 Models
in Simulating and Projecting Precipitation over the Global Land. Intl Journal of Climatology 2022, 42, 6859—
6875, doi:10.1002/joc.7616.

218. Katragkou, E.; Sobolowski, S.P.; Teichmann, C.; Solmon, F.; Pavlidis, V.; Rechid, D.; Hoffmann, P,;
Fernandez, ].; Nikulin, G.; Jacob, D. Delivering an Improved Framework for the New Generation of CMIP6-
Driven EURO-CORDEX Regional Climate Simulations. Bulletin of the American Meteorological Society 2024,
105, E962-E974, d0i:10.1175/BAMS-D-23-0131.1.

219. Sobolowski, S.; Somot, S.; Fernandez, J.; Evin, G.; Maraun, D.; Kotlarski, S.; Jury, M.; Benestad, R.E,;
Teichmann, C.; Christensen, O.B.; et al. EURO-CORDEX CMIP6 GCM Selection & Ensemble Design: Best
Practices and Recommendations 2023.

220. Varotsos, K.V.; Dandou, A.; Papangelis, G.; Roukounakis, N.; Kitsara, G.; Tombrou, M.; Giannakopoulos,
C. Using a New Local High Resolution Daily Gridded Dataset for Attica to Statistically Downscale Climate
Projections. Clim Dyn 2023, 60, 2931-2956, doi:10.1007/s00382-022-06482-z.

221. Huddleston, P.; Smith, T.F.; White, I.; Elrick-Barr, C. What Influences the Adaptive Capacity of Coastal
Critical Infrastructure Providers? Urban Climate 2023, 48, 101416, do0i:10.1016/j.uclim.2023.101416.

222. Van Ootegem, L.; Verhofstadt, E.; Van Herck, K.; Creten, T. Multivariate Pluvial Flood Damage Models.
Environmental Impact Assessment Review 2015, 54, 91-100, doi:10.1016/j.eiar.2015.05.005.

223. Rozer, V.; Kreibich, H.; Schroter, K.; Miiller, M.; Sairam, N.; Doss-Gollin, J.; Lall, U.; Merz, B. Probabilistic
Models Significantly Reduce Uncertainty in Hurricane Harvey Pluvial Flood Loss Estimates. Earth’s Future
2019, 7, 384-394, doi:10.1029/2018EF001074.

224. Vinke-De Kruijf, J.; Heim LaFrombois, M.E.; Warbroek, B.; Morris, J.C.; Kuks, SM.M. Climate-Resilient
Water Infrastructure: A Call to Action. Journal of Critical Infrastructure Policy 2024, 5, 17-29,
doi:https://doi.org/10.1002/jci3.12017.

225. Funke, F.; Kleidorfer, M. Sensitivity of Sustainable Urban Drainage Systems to Precipitation Events and
Malfunctions. Blue-Green Systems 2024, 6, 33-52, doi:10.2166/bgs.2024.046.

226. EPA Stormwater Management Practices at EPA Facilities Available online:
https://www.epa.gov/greeningepa/stormwater-management-practices-epa-facilities  (accessed on 28
August 2024).

227. Ariyarathna, 1.S.; Abeyrathna, W.P.; Jamei, E.; Chau, H.-W. A Review of the Application of Blue-Green
Infrastructure (BGI) as an Effective Urban Flood Mitigation Strategy for Livable and Healthy Cities in
Australia. Architecture 2023, 3, 461-476, d0i:10.3390/architecture3030025.

228. Diep, L.; Dodman, D.; Parikh, P. Green Infrastructure in Informal Settlements through a Multiple-Level
Perspective. 2019, 12.

229. Acufia-Coll, N.; Sanchez-Silva, M. Integrating Systems Thinking and Flexibility in Infrastructure
Management. Innov. Infrastruct. Solut. 2023, 8, 144, doi:10.1007/s41062-023-01106-9.

230. Vekaria, D.; Sinha, S. aiWATERS: An Artificial Intelligence Framework for the Water Sector. Al Civ. Eng.
2024, 3, 6, doi:10.1007/s43503-024-00025-7.

231. Panigrahi, D. Modernizing Water Management: How AI, 3D, And Immersive Reality Transform Water
Utility Organizations Through Digital Twins (accessed on 14 November 2024).

232. Kamyab, H.; Khademi, T.; Chelliapan, S.; SaberiKamarposhti, M.; Rezania, S.; Yusuf, M.; Farajnezhad, M.;
Abbas, M.; Hun Jeon, B.; Ahn, Y. The Latest Innovative Avenues for the Utilization of Artificial Intelligence


https://doi.org/10.20944/preprints202411.1480.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 19 November 2024 d0i:10.20944/preprints202411.1480.v1

34

and Big Data Analytics in Water Resource Management. Results in Engineering 2023, 20, 101566,
doi:10.1016/j.rineng.2023.101566.

233. Najafi, H.; Shrestha, P.K.; Rakovec, O.; Apel, H; Vorogushyn, S.; Kumar, R.; Thober, S.; Merz, B,;
Samaniego, L. High-Resolution Impact-Based Early Warning System for Riverine Flooding. Nat Commun
2024, 15, 3726, doi:10.1038/s41467-024-48065-y.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those
of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s)
disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or
products referred to in the content.


https://doi.org/10.20944/preprints202411.1480.v1

