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Executive summary

This deliverable describes the adaptation options that aim at reducing the
intensity of the hazards, rather than adapting the assets (D4.2), network (D4.3) or
society (D.4). Several adaptation options have been studied for most hazards;
adaptation options to river and coastal flooding are the most abundant in literature.
There is an important gap of knowledge in adaptation options that address multi-hazard
risk, including compound, consecutive, and cascading events.

Reduction of coastal and riverine floods by construction of seawalls and dikes is
the most studied adaptation option, and its costs and benefits have been quantified on
the pan-European scale. Also, there are some attempts to monetise the effectiveness
of retention areas, nature-based/vegetation solutions, beach nourishment and
construction of reservoirs/dams in model studies on large spatial scales. Other
adaptation options, like floodplain widening and afforestation are typically studied on a
smaller, river basin scale. There has been much less attention for the other hazards. In
the case of pluvial flooding, the adaptation options are to increase infiltration or
drainage capacity, but these are typically studied on a smaller, mostly urban, scale.
Adaptation options for drought focus on water retention, water efficiency, water
circularity, desalination, and interbasin water transfer schemes. Adaptation options for
heatwaves largely rely on green-blue infrastructure and changes to urban morphologuy.
For wildfires, measures aim to reduce wildfire ignition, spread, and intensity. In the case
of windstorms, vegetation management and clearance of vegetation along the right-of-
way are the main measures. In the case of landslides, slope stabilisation, erosion control,
and deviating or containing landslides are common measures. No adaptation options at
the hazard level were identified for earthquakes; while not applicable only to
earthquakes, the relevance of early warning and preparedness are highlighted for this
hazard. Finally, no models for adaptation options to multi-hazard risk have been
identified; this remains an urgent area of research towards developing infrastructure
resilience.

This review acknowledges that adaptation must take place not only by reducing
the intensity or extent of hazards, but also by reducing the vulnerability of
infrastructure assets and networks; however, implementing measures at this level makes
it possible to focus on residual risk when implementing measures that reduce
vulnerability.

This project has received funding from the European Union’s Horizon Europe
research and innovation programme under grant agreement No. 101093854
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1. Introduction

Infrastructural improvement and development are processes that involve an
extended planning horizon, given the long lead-time required to carry out these projects
and the extended lifetime expected of infrastructure. With climate changing quickly,
infrastructure may be impacted more frequently and severely by climate hazards than
it had beenin the past (European Commission, 2021b; Ganteaume et al., 2021; IPCC, 2023).
Simultaneously, the need for infrastructural development is continuously changing as
populations grow or shrink. As a result of these conditions, assets that are built to be
relatively long-lasting may see their lifespan shortened (Chester et al., 2020; European
Commission, 2021a; Reale, 2023; Rosenzweig et al., 2011). To prevent this, existing
systems and infrastructure we develop for the future must be adapted to cope with the
wide range of climate conditions it is bound to experience throughout its lifetime
(Hallegatte, 2009).

The ultimate goal of MIRACA Work Package 4 (WP4) aims to appraise the
adaptation strategies that are available for critical infrastructure (CI) to multiple climate
hazards, outline the benefits that can be gained from adopting these strategies, explain
how no-regret options can be identified, and present possible trade-offs between
options.

The MIRACA project framework (Figure 1), integrates several infrastructure
systems that provide basic services to the population and enable communities to
operate. The Cl systems within the scope of this project include transport (road, rail,
waterways), power, telecommunications, healthcare, and education infrastructure. To
minimise the service disruption caused by climate hazards affecting these systems,
adaptation strategies can be implemented which improve resilience by interacting with
infrastructure and climate hazards at different levels:

1. Level 1. Reducing the intensity of the hazards Clis exposed to.
2. Level 2. Reducing the vulnerability of individual infrastructure assets to climate
hazards.

o

Level 3. Reducing the vulnerability of the network to the failure of certain assets
4. Level 4. Reducing the systemic vulnerability to network failures

This project has received funding from the European Union’s Horizon Europe
research and innovation programme under grant agreement No. 101093854
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Figure 1. MIRACA Framework composed by multiple levels: Hazard-level, asset-level,
network-level, and system-level.

As part of WP4, each level of adaptation will be explored in a dedicated
deliverable. The adaptation processes at each of these levels take place at very
different spatial and economic scales; they are financed through different means and
involve stakeholders with diverging responsibilities, decision processes, and priorities.
Understanding how interventions at different levels can best contribute to an overall
benefit to society is necessary to appraise adaptation strategies holistically. For
example, when facing river flooding, a government may have to decide between
widening floodplains and elevating dikes, while a railway company may focus on asset
and network level actions such as flood-proofing a specific station or building a new
track through a different route. While all levels of adaptation may not be relevant for
any single stakeholder, accounting for the benefits attained through all the levels is
relevant in defining the most attractive adaptation strateqgy.

This Deliverable 4.1 focusses on adaptation strategies to improve infrastructure
resilience at Level 1: Reducing the hazard intensity infrastructure is exposed to.
Deliverables 4.2-4.4 will explore strategies to improve resilience through asset-,
network-, and system-level adaptation (Figure 2), followed by a cost-benefit analysis in
D4.5 and strateqy development in D4.6.

This project has received funding from the European Union’s Horizon Europe
research and innovation programme under grant agreement No. 101093854
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Figure 2. Focus for each of the deliverables within Work Package 4 (WP4) Adapted from
Bles et al. (2018)

The intensity of a hazard determines its potential to cause damage to critical
infrastructure; it is determined by variables such as inundation depth for floods, wind
speeds for windstorms, and peak ground acceleration for earthquakes. On the other
hand, resilience, is the ability of infrastructure to resist, absorb, accommodate, adapt
to, transform, and recover from the effects of a hazard in a timely and efficient manner,
including through the preservation and restoration of its essential basic structures and
functions through risk management (for definitions, refer to Section 2 of MIRACA
Deliverable 1.1).

Critical Infrastructure is affected by natural hazards in different ways. What
complicates this is that natural hazard modelling is not common practice for every
hazard, which means that the same level of detail model output is not available for every
hazard (Figure 3, based on the literature reviewed). This results in, for example, high-
detailed hazard maps with return periods and intensities for one hazard, whereas for
other hazards (e.g., landslides and wildfires) mostly susceptibility maps are available;
deliverable D1.2 of this project will explore the data and model availability for all hazards
to greater detail.

When incorporating climate change and/or adaptation options this means that
different approaches are needed. Given this condition, there is no universal method to
appraise adaptation measures for all hazards, but these should be developed
considering both: the relevant mechanisms through which climate hazards affect
infrastructure and the available risk and resilience assessment models used to quantify
these mechanisms.

This project has received funding from the European Union’s Horizon Europe
research and innovation programme under grant agreement No. 101093854
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Within MIRACA, the hazards to be studied are flooding, drought, heat waves,
wildfires, windstorms, landslides, and earthquakes. While Work Package 1 will explore in
detail the risk modelling processes and data gaps for each hazard, in WP4 the relevant
mechanisms in which hazards affect Cl and the general modelling capability for each
hazard will be briefly covered. The most relevant strategies to reduce hazard intensity
will then be presentedlinked to the hazard they primarily target. In cases where multiple
benefits can be achieved through a single measure, this will also be indicated. For
example, afforestation implemented to reduce drought can also reduce flooding by
increasing soil water retention potential (EEA, 2015). Strategies are presented as groups
of measures that achieve the intended purpose of reducing the intensity of a climate
hazard. The individual measures composing each strateqy can then be selected based
on case-specific conditions.

Model
scale
Global N e S N AN
Earthquakes,
Heat
Pan-European Waves
K Coastal River
flooding flooding
Regional \
Local

No hazard Climate Susceptibility Hazard Hazard Hazard model
models forcings maps maps models availability
or (No RPs) (with RPs)

indicators

Figure 3. Prevalent data availability and scale for each hazard. Full hazard models that
can give insight into current and future hazard intensity and frequency are available for
some hazards. Hazard maps linking intensity to return periods (RPs) exist for some
hazards, while others use susceptibility maps or indicators.

It is important to mention that many strategies often influence several aspects
of the interaction between infrastructure and climate hazards simultaneously,
consequently, some adaptation strategies that reduce the intensity of the hazards
infrastructure is exposed to may also play a role in asset vulnerability. For this reason,
some adaptations may be repeated in D4.2-D4.4.

This project has received funding from the European Union’s Horizon Europe
research and innovation programme under grant agreement No. 101093854
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2. Hazard intensity reduction measures

This chapter describes per hazard, which measures can be taken to reduce the
hazard intensity. It starts with measures that reduce the intensity of riverine, coastal,
and pluvial flooding (2.1-2.3); and then proceeds with droughts, heatwaves and wildfires
(2.4-2.6); windstorms (2.7); landslides (2.8) and earthquakes (2.9), measures that can be
used for multiple hazards (2.10),and compounding, consecutive and cascading hazards
2.11).

2.1 Riverine flooding

Riverine or fluvial flooding occurs when a river overflows its banks due to
unusually high river flows (Field et al.,, 2012). High river flow results from abundant
precipitation in a catchment or excessive snowmelt. The intensity of riverine flooding is
determined by inundation depth, flow speed, flood duration, and debris content (Abu
Bakar et al., 2015; Begum et al.,, 2007; Meresa, 2020). Most infrastructure loses its
functionality as it becomes covered by flood waters; however, infrastructure can also
be damaged by other processes, such as erosion when large volumes of water flood an
area (Bles et al., 2015). Another damage mechanism involves debris and sediment carried
by floodwaters which intervene with the infrastructure. Thus, infrastructure resilience
can be primarily improved by preventing it from being flooded and by reducing the
intensity of the hazard in areas that are reached by it.

Adaptation to reduce the intensity of riverine flooding has taken place
progressively through many strategies such as canalisation and damming among other
approaches; these applications have often been calculated and modelled to different
extent for diverse purposes, such as agricultural or urban development.

Riverine flood modelling is possible at high resolutions, accounting for hazard
intensity and return periods. While many models have been used to assessriver flooding
hazard, their use in appraising adaptation strategies is relatively recent, especially for
large spatial scales. Table 1 gives an overview of the studies that modelled the
effectiveness of adaptation strateqies to riverine flooding over large regions. Few
studies tackle more than a single measure, and none were found to consider their
combined effect.

This project has received funding from the European Union’s Horizon Europe
research and innovation programme under grant agreement No. 101093854
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Table 1. Modelling of adaptation strategies for river flooding. “x”indicates modelling has
been done without economic appraisal. “$” indicates modelling has been done including
economic appraisal.
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While many models could be applied to carry out the appraisal of riverine flood
adaptation strategies, only a handful are used (Boulange et al., 2021; Dottori et al., 2023;
Ward et al., 2017), likely owing to their capacity to assess large areas with high spatial
resolution. Several other studies exist; however, they often tackle local scales (Dittrich
et al, 2019; Johnen et al., 2022; R M Slomp et al., 2014), or focus on flood vulnerability
reduction. The main adaptation strategies used to addressriverine flooding, by reducing
exposure to the hazard or by reducing the intensity with which it reaches infrastructure,
are summarised ahead. Overall, floodplain widening, and the creation of retention and
detention areas are generally regarded as most beneficial; however, each case must be
studied individually considering local conditions. The use of dikes, especially in areas
where these are not widespread, is also beneficial.

2.1.1 Dams and weirs

Dams are structures built across rivers to retain water, creating a storage area
behind them; they make it possible to requlate flow of water downstream of the dam

This project has received funding from the European Union’s Horizon Europe
research and innovation programme under grant agreement No. 101093854
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and to buffer peak flows caused by intense precipitation to prevent flooding (Boulange
et al, 2021); by buffering peak flows, flooding downstream can be avoided or the
flooding depth can be reduced, limiting the intensity of the flooding. This benefits all
the infrastructure that is built downstream of the dam, especially in low-lying areas
close to the dammed river. Examples of the use of dams in flood hazard intensity
reduction include the Miyagase and Shiroyama dams in Japan, which were reported to
have prevented additional 1.1 m of flooding depth during the 2019 typhoon Hagibis
(Boulange et al., 2021).

In addition to their role in flood adaptation, the use of dams presents benefits for
water availability during periods of scarce precipitation. They are often used for
electricity production, irrigation for agriculture, and to allow waterway navigation -
which in itself leads to optimization issues because these functions require
conservation of water whereas buffering peak flows requires (emptuy) storage capacity;
furthermore, many adverse impacts of dams have been documented and continue to be
studied through ongoing research (Schulz & Adams, 2019).

The construction, operation, and maintenance of dams is costly and is often
linked to social and environmental externalities: societies can be impacted through
forced displacement and vector- and water-borne diseases, in addition to the
destruction of the ecosystems occupying the dammed area. Dams affect environmental
flows, nutrient transport, and flood regimes, affecting terrestrial ecosystems and
aquatic species;these are often disproportionately affected by limiting their possibility
to follow a natural reproduction cycle (Lund et al., 2021; Schulz & Adams, 2019).

Existing dams have been modelled globally to assess their contribution to flood
risk reduction; while the shortcomings of dam usage are well-documented (prompting
extensive removal of dams), a considerable adaptation benefit to flood risk can be
derived from them; their existence (and consequences of removal) should thus be
considered in adaptation modelling (Boulange et al., 2021).

Weirs perform a similar function as dams in terms of flood protection. Weirs are
fixed or movable engineering structures built across streams that function as an
obstacle to the flow of water. By reqgulating the amount of water that is allowed to flow
over a weir, it is possible to influence flood depth downstream and the water level
upstream of the weir, resulting in a reduction of the damages caused by the flooding
(Mahdi & Hillo, 2021). The shortcomings of weirs include the disruption of environmental
flows, nutrient transport and riverine regimes, as well as disrupting migration for aquatic
species if no wildlife bypasses are considered (Serra-Llobet et al., 2022). Compared to
dams, weirs are smaller and less complex flow reqgulation devices, they are not used for
electricity production, and do not provide the same benefits for water availability.

This project has received funding from the European Union’s Horizon Europe
research and innovation programme under grant agreement No. 101093854
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Dam: Afsluitdijk

Figure 4. Dams and dikes can play a role in reducing flood hazard. Image: Rjjkswaterstaat,
2007.

2.1.2 River dikes

Dikes and levees are structures formed by elevated riverbanks that guide the
course of a river, preventing flow from invading the area they protect up to a certain
river stage or water level (Dottori et al., 2023). Dikes can be built or raised to increase the
streamflow the river can carry before flooding occurs; such adaptations have been
historically used and modelled extensively in some regions of Europe and around the
world (Dottori et al.,, 2023). For example, dikes in the Netherlands are a long-standing
feature of the landscape; countless structures have been erected and continue to be
calculated, built, and maintained to prevent riverine flooding of low-lying areas (Van
Steen & Pellenbarg, 2004).

The expansion or heightening of dikes has been observed to produce three main
unintended consequences:

1. Disruption of the natural functioning of wetlands and floodplains, since they
experience reduced connectivity with the river channel.

2. Increased flood risk downstream of the diked area due to an associated increase
in the magnitude of peak flows.

This project has received funding from the European Union’s Horizon Europe
research and innovation programme under grant agreement No. 101093854
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3. Continued development in flood-prone regions protected by dikes (Dottori et al.,

2023; Kazmierczak et al., 2020).

Adaptation modelling has been done and costs and benefits have been
monetised for all of Europe. The modelling has been carried out comparatively with other
adaptation strategies (Alfieri et al.,, 2016; Dottori et al., 2023). The effectiveness of
building more or higher dikes varies greatly by region based on geography, expected
climate evolution, and degree of current adoption. Dikes can be used to protect large
areas in a cost-effective manner; however, in regions that are already extensively
protected by dikes, further development may bring relatively small benefits (Dottori et
al., 2023).

2.1.3 Riverbed and floodplain management

Widening rivers, lowering floodplains, and removing obstacles in and around the
river are strategies to reduce flood hazard by creating space for rivers to safely
discharge their flow (Rijke et al., 2012). These measures can help reduce flooding depth.

A well-known project that focused on river widening and lowering floodplains was
the Room for the River project in The Netherlands; in this application, new adaptation
options were combined with existing flood protection measures to further reduce the
likelihood and the intensity of riverine flooding, while achieving healthier natural areas
among other benefits (Klijn et al.,, 2018; Rijke et al., 2012). Modelling for this adaptation
measures combined qualitative and quantitative assessment of measures, also
considering the environmental and social implications of the interventions in different
sections of the Rhine and Meuse River courses (Klijn et al., 2018; R M Slomp et al., 2014).

2.1.4 Detention, retention, and infiltration areas

Detention and retention areas, infiltration basins and recharge wells can be
developed to store or capture excess water and reduce peak flows during stormflow,
reducing flooding depth. These areas are usually located alongside the river or canal and
can be either continuously filled with water or only be engaged during periods of high
streamflow. Unlike dikes and levees, these strategies benefit all downstream reaches of
the basin (Dottori et al., 2023; Sanchez-Almodoévar et al., 2023).

The use of these areas presents environmental benefits by allowing the natural
functioning of floodplains and promoting ecosystem health (Dottori et al, 2023);
additional benefits can be identified in drought management, by enabling a larger
volume of water to be retained on land through aquifer recharge (Sanchez-Almodovar
et al, 2023). These measures can contribute to increasing the sponge functioning of
landscapes (Peng et al., 2022).

This project has received funding from the European Union’s Horizon Europe
research and innovation programme under grant agreement No. 101093854
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An example of an application of this measure is the construction of a flood
retention basin in the area of Feldolling in Bavaria, Germany; the intention of the basin is
reducing flood risk from the river Mangfall which flows next to the town (Abdelhamid et
al., 2022).

Two downsides of these strategies are the requirement of large surface areas to
operate optimally and the risk of creating mosquito breeding areas when the basins are
not adequately designed or maintained (Beryani et al., 2021; Dottori et al., 2023).

Adaptation modelling has been done and costs and benefits have been
monetised for all of Europe; most regions can derive great benefits from their
application, especially where flood hazard is expected to rise sharply (Alfieri et al., 2016;
Dottori et al., 2023).

2.1.5 Afforestation

This measure relies on increasing the amount of water demanded by vegetation
to reduce run-off generation, and consequently the volume of water reaching the river
course which can then cause a flood; these interventions are usually considered for
hillslopes and floodplains. Afforestation presents multiple benefits in the form of
ecosystem services so it cannot be exclusively considered a flood adaptation measure
(Dittrich et al., 2019; Mourad et al., 2022).

Some benefits of afforestation are climate regulation, increased water retention
(and reduced soil erosion), embankment and slope stabilisation, carbon storage,
improved aesthetic appeal, improvements in air and water quality, and the provision of
habitats for biodiversity, among others (Dittrich et al., 2019; Hou et al., 2020; Johnen et
al., 2022; Mourad et al., 2022).

Risk of maladaptation linked to afforestation can exist if water availability is
insufficient to satisfy the increased demand resulting from the change (Bosch & von
Gadow, 1990).

Modelling of afforestation as an adaptation measure against flood risk has been
done at a catchment or local scale, however, few larger scale studies exist, and none
monetise the measure at a pan-European scale; furthermore, the empirical evidence of
the effectiveness of afforestation for flood management is still limited, requiring further
studies (Dittrich et al., 2019; Johnen et al., 2022).

2.2 Coastal flooding

Coastal flooding is a hazard that occurs when sea water rises to otherwise dry
land, driven by tides, storms, or a combination of both. The main variables determining
the intensity of coastal flooding are water level, flow speed, flood duration, rate of water

This project has received funding from the European Union’s Horizon Europe
research and innovation programme under grant agreement No. 101093854
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rise, and debris content (Kameshwar et al., 2021; Pezza & White, 2021). Sea level rise and
land subsidence directly contribute to coastal flooding (Muis et al., 2016). Modelling of
adaptation measures to reduce the intensity of coastal hazards has focused on the
construction of seawalls and dikes; however, recent research has integrated the use of
green infrastructure (coastal vegetation) with grey infrastructure to understand the
benefits of maintaining and implementing multiple measures (Mortensen et al., 2023;
Tiggeloven et al., 2022; van Zelst et al., 2021).

Table 2 gives an overview of measures that reduce the risk of coastal flooding.
Like in river floods, most studies focus on dike construction and sea walls. Studies
covering multiple adaptation strategies suggest that a combination of measures allows
for optimal benefits to be achieved, outperforming single adaptation measures. The
selected strategies must be based on the coastal morphology and site-specific drivers
for coastal flooding (Mortensen et al., 2023; Tiggeloven et al., 2022; van Zelst et al., 2021).

Table 2. Adaptation strategies for coastal flooding. “$” indicates modelling has been
done including economic appraisal.
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2.2.1 Seawalls, dikes, and coastal levees

Building or raising dikes or other defences as a protection to coastal flooding is a
widely applied adaptation measure in urbanised coastlines. These adaptation strategies
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consist in building a physical barrier that stops sea water from reaching the protected
structures behind it, thereby reducing flooding depth. Examples of these barriers can
be observed along parts of the coastlines of most European countries.

Dikes and levees can help reduce saltwater intrusion, easing pressure on water
resources; however, the construction of coastal protection structures disturbs habitats
along the coast and can further affect local ecosystems; tidal channels and marshes
have been identified as particularly vulnerable to damage when these adaptation
measures are used (Hood, 2004).

Modelling of dikes, sea walls, and coastal levees has been done using various
models, recently the work by Amadio et al. (2022); Mortensen et al. (2023); Tiggeloven
et al. (2022) is relevant (see Table 2). While these adaptation measures are effective in
reducing flood risk, they can often be very costly, especially under high sea level rise
(SLR) scenarios. In the case of structural measures, for example, raising seawalls and
widening seawalls to keep up with SLR requires continuous investment and increased
maintenance (Gutierrez et al., 2023; Lincke et al., 2019; Mortensen et al., 2023; Tiggeloven
et al., 2022).

2.2.2 Coastal vegetation, mangroves, and marshes

Coastal vegetation functions by attenuating waves as they approach the
shoreline, reducing wave height (van Zelst et al., 2021) and consequently inundation
depth; while these ecosystems can be naturally present without human intervention,
they have often been degraded and must be recovered to conserve and increase the
protection they provide; this is especially true since coastal vegetation itself is among
the first exposed to extreme coastal hazards. Coastal vegetation can be used in
combination with other defences, such as dikes and levees, to reduce the design
requirements of grey infrastructure and abate cost and resource use (Mortensen et al.,
2023; van Zelst et al., 2021).

The presence of coastal vegetations, mangroves and marshes can bring co-
benefits such as long-term carbon storage, increased water retention and infiltration
capacity (sponge function), heat abatement and habitat creation to foster biodiversity,
among others (Choi et al., 2021; Peng et al., 2022). These measures also influence the
sponge functionality of areas.

The main risk of maladaptation from this measure is linked to the potential
increase of vector- and water-borne diseases (Choi et al., 2021).

Restoration and expansion of coastal vegetation including salt marshes and
mangroves has been modelled at a global scale, as an individual measure or as a
complementary measure to reduce the height needed for dikes and seawalls; while it is
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often insufficient in fully meeting risk reduction targets, it can be valuable in
combination with other strategies (Mortensen et al., 2023; van Zelst et al., 2021).

2.2.53 Beach nourishment, tidal river management, and dune
systems

Different strategies can be used to increase the size of coastal formations with
the intention of reducing coastal flooding intensity. The interplay between sediment
transport through rivers, tides, and wind can be used to shape structures along the
coast, but direct intervention through beach nourishment is a common measure (Hinkel
et al., 2013).

There is growing concern regarding beach nourishment techniques which disturb
a mine or borrowing site to feed the nourished site; the concerns focus on the direct
habitat destruction that can take place at both sides, but also around the cumulative
and long-term effects of such practices, such as changes in turbidity and water
chemistry (Greene et al., 2002; Saengsupavanich et al., 2023).

These types of adaptation measures are generally carried out at alocal scale and
focus on the change of hydrodynamic conditions, sediment regimes, and erosion
profiles developed given certain management strategies.

2.2.4 Breakwaters, groynes, and jetties

These adaptation strategies consist of laying long strip structures, usually built
from rock or gravel, at or near the coastline to attenuate waves, control coastal erosion,
and stabilise tidal inlets. They are often applied in combinations but can also be used
individually (Winterwerp et al., 2020).

An adaptation measure which works on a similar principle is the use of coral and
oyster reefs which can also help attenuate waves and reduce coastal flooding during
storm surges (Kumar et al., 2021).

A common issue with these adaptation techniques is the resulting effect of
scouring of the seabed. Scouring destabilises structures and has a detrimental effect
for local ecosystems. Other unexpected consequences may arise from structures such
as breakwaters limiting sediment availability by reducing wave stirring near the shore
(Winterwerp et al., 2020).

Modelling for these structures is usually carried out at an application-specific
site or at a local level; consequently, continental scale modelling has not been done. The
benefits that can be gained by using breakwaters, groynes and jetties for local
applications are well documented.
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2.5 Pluvial flooding

Pluvial flooding arises when the magnitude of rainfall exceeds the drainage
capacity of the area and infiltration capacity of the soil. Hence, adaptation could focus
on increasing either the drainage or the infiltration capacity. Unlike riverine and coastal
flooding, the construction of dikes and dams to prevent pluvial flooding is not effective
since the source of pluvial flooding is rainfall over an area.

In urbanised areas, the natural drainage and infiltration capacity is often
compromised due to the large share of paved and built-up surfaces. Therefore, urban
areas heavily rely on artificial drainage (and sometimes infiltration) systems. Hence,
pluvial flooding is often referred to as ‘sewer flooding’ when it occurs in urban areas
(Schanze, 2018). Consequently, most studies on pluvial flooding are carried out on the
urban scale, with a focus on drainage design; Mugume et al. (2015), for example, appraise
adaptation strategies in the urban drainage system of the city of Kampala, while M.
Wang et al. (2017) study sustainable drainage systems in Chizhou citu.

Given this urban focus, it is no surprise that adaptation has not been explicitly
modelled for pluvial flooding at a continental scale. There have been attempts to model
pluvial flooding on a continental scale with a focus on urban areas, however these have
not looked into future adaptation and do not capture pluvial flooding affecting
infrastructure outside of cities (Bates et al., 2021; Guerreiro et al., 2017). While future
scenarios are not explored, existing adaptations have been considered in Bates et al.
(2021), pointing to the possibility of extending the application to also consider
adaptations for appraisal.

The most prominent adaptation options for pluvial flooding (Table 3) are the
creation of permeable areas to reduce run-off generation and the expansion or
improvement of the drainage and sewage systems. These processes are modelled using
similar techniques as used in the initial drainage or sewer design, however, using
different design parameters.
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Table 3. Modelling of adaptation strategies for pluvial flooding. “x” indicates modelling
has been done without economic appraisal. “$” indicates modelling has been done
including economic appraisal. Empty spaces indicate that a regional or continental scale
model js available, but no future adaptation measures have been considered.
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2.3.1 Permeable areas for infiltration

Several measures have been developed and applied to reduce flooding in urban
areas during intense precipitation that overwhelms the sewer system. Some examples
are the creation of green roofs and walls, rainwater capture systems, infiltration strips
and swales, and pervious pavement among other elements that increase infiltration and
reduce or slow down run-off generation (Abebe & Tesfamariam, 2019; Boogaard, 2022;
M. Wang et al., 2017), thereby reducing flooding depth and duration.

The elements used to improve infiltration come with benefits usually associated
with green spaces, including increased water retention, reduced heat stress, and
creation of habitats for biodiversity (Choi et al., 2021).

Some studies point to technology-specific trade-offs which can materialise in
applications of urban drainage systems, for example, a potential increase of nocturnal
warming and mosquito proliferation due to vegetation, an increase of fertiliser use for
green roofs affecting water quality, and increased heat stress due to higher surface
temperatures of some permeable pavement (Choi et al., 2021).
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These adaptation measures have been modelled at local and regional scales and
have been implemented in various cases. Given the variety of choice of individual
measures that can be used to increase infiltration, some authors have developed
frameworks to comparatively assess the performance of different combinations
(Mugume et al., 2015; M. Wang et al., 2017).

2.3.2 Improved drainage systems

Drainage systems can be expanded or their capacity can be increased to better
cope with increased precipitation; however, the use of smart drainage systems is
becoming increasingly feasible (Malik et al., 2018). Smart drainage systems are complex
instrumented control systems, which combine several monitoring and real-time control
technologies to reduce flooding (mostly in urban areas) during intense precipitation.
The use of real-time metering and control elements within the network has allowed
smart systems to be developed, which adjust their behaviour based on the
environmental conditions (Malik et al., 2018). These systems consist of a network of
controlled, interoperating elements (such as weirs and pumps) that allow for water to
be diverted and drained at an optimal rate with relatively little human effort during
intense rainfall (Xie et al., 2023).

Some smart drainage systems can be costly to install and expensive to operate
and maintain; however, others have shown to be valuable and inexpensive in some
applications (Kandler et al., 2020). While technological progress has increased the
feasibility of applying such systems, cyber-security threats are a rising concern for this
adaptation measure (Oberascher et al., 2022).

2.4 Drought

Drought hazard occurs when reduced precipitation leads to scarcity of water
resources in an area. An unusual low amount of precipitation is referred to as a
‘meteorological drought’, the resulting soil water deficiency and plant water stress as
‘agricultural’ drought, and the reduced streamflow and storage in water bodies as
‘hydrological drought’ (Van Loon, 2015). The mechanisms through which droughts affect
infrastructure functions are less studied than for floods. Interactions within systems
and across them under drought can be complex (AghaKouchak et al., 2021; Karavitis et
al., 2014) and the consequences experienced by each infrastructure system depend on
how water is used by the system or interacts with an infrastructure asset or network
(Thompson et al., 2019).

Insufficient water availability can constrain the operation of hydropower
installations, limit the cooling water available for electricity production and for the
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operation of data centres and other telecom facilities (Diaz et al., 2020; Thompson et al.,
2019). Also, reduced water depths impede or limit navigation in waterways (Nouasse et
al., 2015) and put restrictions on lock operations to avoid (further) intrusion of salt water
into fresh water bodies. Low ground water tables can cause structural damage through
land compaction and subsidence (Savonis et al.,, 2008). Besides having implications on
infrastructural service availability, drought can also cause shifts in the demand of
infrastructural services. An example of this is the increased import of agricultural (and
other) resources to supplement local production shortages, and the increased demand
of water supplied through trucks (Mortazavi-Naeini et al., 2019).

Changing drought patterns (along with other climate patterns) and progressive
saltwater intrusion (driven by sea level rise, reduced low-flow in rivers, and saltwater
upconing) can lead to periodically or permanently limited freshwater resource
availability in some regions (Abd-Elaty et al., 2022; Easterling et al, 2012). These
processes can strongly influence the infrastructural demand in aregion in the long term
and in turn, the extent to which infrastructure is affected.

Many indicators and indices have been developed to measure the intensity of
different types of drought; while most of them measure precipitation deficit, the time
scales at which they are aggregated and specific calculation procedures vary (Ward et
al., 2020). Modelling has been done at global and regional levels with resolution ranging
from very coarse (250 km x 250 km) to coarse (50 km x 50 km), and it has focused
primarily on agricultural impacts (Badora et al., 2023; Caldera & Breyer, 2019; Evans et al.,
2023; Kahil et al., 2015; Valerio et al, 2023); in current studies, drought risk is not
assessed probabilistically and the implementation of future adaptation measures has
not been done (Ward et al., 2020).

Drought adaptation strategies that reduce hazard intensity (Table 4) intend to
make more water available during periods of reduced precipitation; these strategies can
be grouped into those that improve water retention capacity, those that promote the
efficient use of water, and those that rely on water circularity, recovery, and reuse.
Additionally, transferring water from one region to another and extracting water from
saltwater and air humidity can also be used to reduce drought intensity to an extent.
The individual measures used to achieve each purpose depend on the use water is given
by each user. Geographical factors play a strong role in the possibilities of adaptation
that are adequate and attractive for an area - both as long-term strategic measures,
and as short-term palliative or mitigation measures.
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Table 4. Modelling of adaptation strategies for drought. “x”indicates modelling has been
done without economic appraisal. “$” indicates modelling has been done including
economic appraisal.
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2.4.1 Water retention

Water retention strategies aim to manage the amount of water lost to the ocean
through river discharge; while this has mostly been done through the construction of
dams and the creation of reservoirs, it can also be achieved by reducing run-off and
implementing measures to increase water infiltration, such as the development of
permeable areas in cities, retention and detention ponds, through improved soil
management in agricultural areas and by implementing rainwater capture systems. An
example of an adaptation measure focusing on water retention are sponge functioning
landscapes, where areas are adapted to retain and ‘absorb’ excess water resources to
be used during times of scarcity (Peng et al., 2022).

The main risks arising from water retention strategies is the creation of stagnant
water bodies which often lead to an increase in water- and vector-borne diseases, for
example, by providing breeding grounds for mosquitoes (Choi et al., 2021). Co-benefits
exist by reducing vulnerability to heat waves, floods, and improving water quality (Choi
et al., 2021).
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Water retention strategies have been modelled and some cases exhibit robust
behaviour even under large uncertainties, making them attractive adaptation strategies
(Badora et al., 2023; Linnerooth-Bayer et al., 2015).

2.4.2 Water efficiency

Reducing the amount of water used allows more users to be satisfied during
periods of reduced precipitation, thereby reducing drought intensity. This adaptation
measure can be applied by different sectors depending on the way they access and use
water. It may be applied permanently or temporarily and can happen spontaneously or
as a result of requlation and water use limits under drought conditions (AghaKouchak et
al., 2021; Luckerath et al., 2023).

Within the agricultural sector, measures to improve water efficiency include the
introduction of drought tolerant crops, crops that require less water to irrigate
(Kourgialas et al., 2018), the implementation of high efficiency irrigation systems and
precision agriculture techniques (Kahil et al., 2015), and changing sowing dates to match
historical periods of increased water availability (Bird et al., 2016). Industrial and energy
sectors may consider adopting technologies that are less water-intensive within their
operating processes and their facilities. In urban areas, reducing leakages in drinking
water supply systems also improves efficiency. Other users and sectors may also
improve water efficiency depending on the way the use the resource.

Co-benefits of improving water efficiency exist for some infrastructure systems,
such as sewage and energy networks, through reduced sewage production and reduced
energy demand for pumping and water treatment (Marinoski et al., 2018). On the other
hand, some authors have modelled the implementation of water efficiency policy,
concluding that it may lead to a rebound effect, where consumptive usersincrease their
demand upon increase water availability under resource-scarce conditions (Loch &
Adamson, 2015). Complementary policy may be required for water efficiency measures
to be beneficial.

2.4.3 Water circularity

Reusing water for diverse applications can serve as means to satisfy the
requirements of some users and reduce the pressure on local water resources. While
some water is inevitably lost to evaporation, a large part of it can often be reused. Water
circularity can be implemented through direct or indirect water re-use and in different
sectors; the specific conditions that must be met depend on each user (Guerra-
Rodriguez et al.,, 2020). For example, in Israel nearly 90% of all wastewater effluent is
reused for non-potable applications, mainly irrigation and industry (Adams et al., 2023).
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Water circularity can cause certain contaminants and pathogens, which may be
difficult to remove, to reach potentially harmful levels; the risk of emerging
micropollutants and antibiotic resistance genesin pathogens must be considered when
implementing water circularity. It is generally the case that circularity can more easily
be achieved for non-human consumption such as for industrial uses (Guerra-Rodriguez
et al., 2020).

Modelling for water circularity has not been done for large scales, but modelling
frameworks capturing the dynamics of a water circular economy have been proposed;

current research is seeking to expand the conceptual model to real cases (Evans et al.,
2023).

2.4.4 Interbasin water transfer schemes

Developing systems that allow transferring water from water-abundant basins to
drought-struck basins can be used as an adaptation measure (Kumar et al., 2021). This
process is bound by the availability of water in nearby watersheds and can lead to
unequal distribution of water resources, limiting benefits for areas that are not along
the course of the transfer system (Costa et al., 2023). Moreover, it can worsen
hydrological droughts in the basin of origin. Additionally, a fraction of the water that is
transferred is lost to evaporation and infiltration, causing a reduction of total water
availability on a larger spatial scale.

Interbasin water transfer projects can be seen around the world; for example, the
Tagus-Sequra aqueduct in Spain spans 286 km, and is used to transfer water from the
Tagus basin to the water-stressed Segura basin (Valerio et al., 2023).

2.4.5 Desalination and atmospheric water harvesting

These two measures rely on extracting water from sources that would
conventionally be unavailable for human use. The first one relies on purifying saltwater,
while the second one relies on condensing water from the air. Both strategies currently
aim to produce water for human consumption and to a lesser extent for industry,
therefore, have arelatively minor effects on infrastructure other than the drinking water
system itself (Caldera & Breyer, 2019).

Sea water or brackish water desalination can be used as an adaptation measure
to provide an additional source of water in regions close to the coast or that have other
sources of brackish or saltwater. It has been widely adopted, becoming an important
water source for many countries, predominantly to meet domestic and municipal
demand (Jones et al., 2019).

Desalination produces highly concentrated brine as a side product which must be
managed, usually at high economic or environmental costs; it is also energy intensive,
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making it a costly drought adaptation measure (Jones et al., 2019). Desalination benefits
have been assessed globally, but the trade-offs are still poorly understood. Desalination
is among the most practiced methods to alleviate drought; however, concerns over
environmental and social externalities linked to their widespread use still exist; current
research focuses on improving the sustainability of this adaptation measure, for
example, by using the brine waste produced for microalgae production (Bas et al., 2023;
Caldera & Breyer, 2019)

Atmospheric water harvesting consists of condensing water from humid air. This
technology is less explored than desalination, both in modelling and practice, but may
develop to represent an attractive measure in regions which have high temperatures
and relatively high humidity (Zhang et al., 2022). These systems currently also present
limitations on limited water output and high energy cost, as well as environmental and
social externalities, such as continuous maintenance requirements, vulnerability to
extreme climate conditions, and inequality of access to water (Verbrugghe & Khan, 2023;
Zhang et al., 2022). While there are currently few large-scale applications of atmospheric
water harvesting systems, significant progress has been made in improving their viability
(Verbrugghe & Khan, 2023; Zhang et al., 2022).

2.5 Heat waves

Heat waves result from consecutive days where temperatures exceed a
threshold; the specific threshold depends on the region and is defined by the conditions
historically experienced by the region. The intensity of heat waves can be described
based on the temperature over a surface and the duration of the high temperature spell.
(Rothlisberger & Papritz, 2023).

The point at which infrastructure suffers from heat waves depends on each
installation, since infrastructure is generally designed to withstand the Ilocal
temperature range (Mazdiyasni et al.,, 2019). Some of the effects of heat waves on
infrastructure arise directly from high temperatures, as these are outside the built
operating conditions of infrastructure; furthermore, the combination of frequency and
duration of heat waves also plays an important role on the effect of heatwaves on
infrastructure. Some effects of this hazard on infrastructure include insufficient
equipment cooling due to limited cool air or cold water, rail buckling and road cracking
due to increased thermal expansion, jamming of moveable bridges, and increased
resistance in power transmission (Figueiredo et al., 2023; Nguyen & Wang, 2011; Reale,
2023). Other effects on infrastructure result from how it is used during heatwaves, such
as increased need for cooling and air conditioning, which can push systems beyond their
capacity (Gamarro et al., 2020; Nguyen & Wang, 2011).
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Apart from the direct impact of heatwaves on critical infrastructure, a prolonged
period of extreme temperature affects the ability to maintain and manage the
infrastructure, as heat conditions can be dangerous for workers’ health and safety
(Zimmerman, 2020).

The main adaptation strategies that reduce heat wave intensity (Table 5) involve
the use of green-blue infrastructure in urban areas, and adapting urban morphology to
minimise the amount of heat trapped by allowing increased wind circulation
(Kazmierczak et al., 2020; Reale, 2023).

Modelling of heat waves has been done globally, with a focus on health risk in
cities and agricultural areas (producing susceptibility maps with return periods
applicable to living organisms); however, literature is much leaner on risk of heat waves
for infrastructure and the adaptation of Cl to this hazard. Heat wave models with very
high resolution are only applicable at local scales (in practice), while models covering
large areas have coarse resolution (Ebrey et al., 2021).

Hazard modelling has moved to measuring heat waves by their day and night
temperature, duration, and frequency (Mazdiyasni et al, 2019). In the case of
infrastructure, it is becoming better understood that the combination of heat waves
with high relative humidity can also lead to accelerated corrosion and concrete
carbonation (Figueiredo et al., 2023), but this is not considered in most models. At the
European level, there have been models developed for specific types of critical
infrastructure, such as railways and roads, quantifying the impact from heatwaves in
the presentand future (Mulholland & Feyen, 2021). Although existing models provide the
projected economic impact of heatwaves under future climate scenarios, they do not
incorporate the economic benefit from climate adaptation strategies.

No hazard or adaptation models currently capture or simulate the physical
processes driving heat waves over large regions, though these processes are a field of
active research and are becoming increasingly understood. Capturing these processes
would be a step towards large scale spatially explicit adaptation modelling for heat
waves (Rothlisberger & Papritz, 2023).

Adaptation modelling at a local scale has focused for example on the indirect
impacts of adoption of air conditioning on the electrical grid and in the intensity of the
urban heat island effect (Gamarro et al., 2020). There is also research focusing on
materials science and construction processes that reduce the vulnerability of
infrastructure to heat waves, however, those will be covered as part of D4.2.
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Table 5. Modelling of adaptation strategies for heat waves. “x” indicates modelling has
been done without economic appraisal. “$” indicates modelling has been done including
economic appraisal.
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2.5.1 Green-blue infrastructure

Areas with trees and water bodies are helpful in providing shade and requlating
the temperature around them; when widespread, this can provide benefits at a city-wide
scale. This is valuable since cities are both: the places where most critical infrastructure
is located, and the places where heat waves are most intense due to the urban heat
island effect (Kumar et al., 2021; Mariani et al., 2016; Oberascher et al., 2022).

Modelling reveals green blue infrastructure can be an attractive adaptation
strategy to reduce the intensity of heat waves, at least at a local (city) scale through
actions such as adding urban green areas, green roofs, adding trees, and replacing bare
soil with grass (Kazmierczak et al., 2020; Mariani et al., 2016). At a pan-European scale,
this has not been assessed.

2.5.2 Urban morphology

Designing areas to allow for adequate ventilation and minimal heat retention can
reduce the intensity of heat waves in some zones (Kazmierczak et al., 2020; Rana et al.,
2022; Reale, 2023). This is relevant at a local scale since it is directed to urban areas.
Whether this adaptation can have alarger scale impact on heat wave intensity beyond
the urban areas is not well understood.

Specifically in cities, surface energy balance models have also been used to
compare the benefit of different adaptation options, such as green infrastructure and
the implementation of cooling surface against a no-intervention scenario (Maggiotto et
al., 2021).
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2.6 Wildfires

Wildfires occur when vegetation is ignited, leading to an uncontrolled burning of
forests, grasslands, and other combustible materials in their vicinity. Wildfires are very
complex to predict and model, due to the different factors that influence the ignition
and the progression of the events.

Meteorological situations such as drought, amount of potential combustion
material (biomass), type of vegetation, topography and wind direction increases the
susceptibility to and ultimately also the consequence of a wildfire. When the climate
becomes drier in the future, the frequency of wildfires is also expected to increase.
Predicting the intensity and duration of a wildfire with a specific return period is very
difficult, particularly because the onset and spread of a fire depends on many different
site- and situation-specific characteristics.

How wildfires will change in intensity and duration towards the future is not yet
clear. When a wildfire occurs, it has a direct effect on people’s lives, because their
habitat is threatened, and they have to be evacuated. It also has indirect effects on
safety of, for example, national highways, railroads, and air quality. This is especially
relevant in southern Mediterranean countries, where there is an extension of the
wildland-urban interface that leads to both assets and fire ignitions nearby (Ganteaume
et al., 2021).

Wildfire occurrence is determined by three factors, which all three need to be
met: (1) There should be fuel to burn. This is mostly governed by type and amount of
combustible material. When there is no vegetation, a fire is hard to ignite, (2) The climatic
conditions. This includes the soil type, presence of litter layer, and meteorological
conditions (e.g., relative humidity) that allow the fuel to be dry enough to burn, and (3)
the presence of an ignition source (Bradstock, 2010; Chambers et al., 2019). Often in
Europe the cause of the ignition source is mostly human lit (albeit not on purpose).
However, in the more boreal areas lightning-induced fires occur more frequently.

The progression of fires is influenced in various ways. Dry, hot, and windy climate
conditions promote wildfire progression, but it is always in combination with vegetation
type, soil type and topography (Canadas et al., 2023; X. Wang & Bocchini, 2023). The type
of fire (flaming or smouldering) also influences the speed, size and progression of the
fire and is mostly influenced by the soil type in combination with type of vegetation
cover (Santoso et al., 2019). Other factors that influence the duration of the event and
the intensity are related to the fire response and include the accessibility of locations
and the response time by firefighters (Canadas et al., 2023).

Adaptation strategies for wildfire reduction (Table 6) can be split into options
that reduce the ignition of a fire, for example, limiting the amount of readily ignitable
material, and options that reduce the spread or intensity of the fire.
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Wildfire adaptation modelling at a pan-European scale is lean, largely due to the
challenges associated with accurately predicting wildfire occurrence (Canadas et al.,
2023; Khabarov et al., 2016). The resolution is relatively coarse (25 km x 25 km) at regional
and continental scales (Ebrey et al., 2021).

6.9

Table 6. Modelling of adaptation strategies for wildfires. “x” indicates modelling has
been done without economic appraisal.
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2.6.1 Ignition reduction

Wildfires are often ignited by human activity and infrastructure, such as sparks
generated by metal-to-metal contact in railways and rotating equipment and by power
conductor-vegetation contact caused by wind. Preventing wildfires from originating
reduces the resources that must be devoted to fire suppression, as well as the hazard
that fire-fighters must face in the process (Canadas et al., 2023).

Ensuring adequate clearance is kept between ignitable vegetation and
infrastructure can reduce the likelihood of wildfires initiating (X. Wang & Bocchini, 2023).
Also, having a clear maintenance of vegetation located next to infrastructure (e.g.,
regular mowing of verges next to roads or railways) reduces the amount of combustible
material and may prevent the occurrence and spread of next-to-infrastructure fires
(Tedim et al., 2016). Integrated vegetation managementis a route towards achieving this
(Renewables Grid Initiative, 2023). Furthermore, in case a wildfire occurs, adequate
clearance plays a key role in minimising damage to infrastructure and limiting service
interruptions, making vulnerability reduction a co-benefit (Choobineh et al., 2015).
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A strateqgy to tackle human-lit wildfires involves education and well-distributed
information aimed at generating awareness and wildfire hazard understanding, helping
prevent wildfire ignition (Canadas et al., 2023; Kotroni et al., 2020; Kurowski & Bradleuy,
2022).

A more extreme measure for ignition reduction involves fully de-energizing
sections of the electrical grid during extreme weather; while this limits the possibility of
ignition, it may also affect parts of the population (Abatzoglou et al., 2020).

At a European level, modelling of the quantitative benefit of adaptation options
for fire reduction has been studied for the different regions (Mediterranean, Central EU
and Baltic Countries, etc..) by measuring the reduction of fire risk in varying climate
change scenarios from prescribed burning activities (Khabarov et al., 2016).

2.6.2 Wildfire spread and intensity reduction

Management and suppression practices can be implemented to reduce the
spread of uncontrolled wildfires; these practices include prescribed burning, reducing
forest density by selective thinning, and strateqgically creating areas that function as
break fires, such as agricultural fields located at specific locations (Canadas etal., 2023).
The use of integrated water resources management practices may have potential in
reducing susceptibility to wildfires, however, it is currently not fully explored; some
research indicates that these practices can be used to reduce wildfire ignition, spread,
and intensity (Ihsan Fawzi et al., 2020).

The use of fire-resistant trees and extensive grazing as means of fuel
management can also be used (Canadas et al.,, 2023). Planning zones where recreation
activities can safely take place can reduce the spread of wildfires by allowing
emergency response when ignitions occur (Romero-Calcerrada et al., 2008). The use of
fire-resistant construction materials enables infrastructure to function as a fuel break
and a defensible space to contain wildfire spread from reaching further infrastructure.

Having sufficient detection and first response capacity to manage emerging
wildfires is necessary for this measure to function (Canadas et al., 2023; Romero-
Calcerrada et al., 2008). Firefighting and access route inventories, planning, and training
all contribute to effective wildfire management, and to preventing wildfires from
reaching critical infrastructure (Kurowski & Bradley, 2022).

2.7 Windstorms

Windstorms are storms characterised by very strong winds, often with violent
gusts. The intensity of windstorms is determined by wind speed (Lombardo, 2019);
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infrastructure is frequently affected when debris is blown into roads and rail tracks and
when fallen or damaged trees lean against power transmission lines, or when swinging
power lines reach nearby vegetation (Spinoni et al., 2020; X. Wang & Bocchini, 2023).

The occurrence of windstorms has been modelled at a pan-European scale based
on global circulation model ensembles. There is currently large disagreement among the
climate models driving windstorm modelling, leading to high uncertainty in model
outputs, especially under future climate conditions (Schelhaas et al., 2010; Severino et
al., 2023; Spinoni et al., 2020).

Adaptation strategies for windstorms (Table 7) are mostly supported by semi-
quantitative or qualitative assessment. While several asset-specific adaptation
strategies for windstorms exist, these will be covered in D4.2.

Table 7. Modelling of adaptation strategies for windstorms. “x” indicates modelling has
been done without economic appraisal.
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2.7.1 Right-of-way and clearance

Maintaining vegetation that does not grow tall enough to reach power lines (or
other assets), as well as guaranteeing clearances around roads, railways, and other
infrastructure can reduce the intensity of windstorms. Routinely removing debris that
can be blown onto infrastructure during windstorms is a way of limiting how severely
infrastructure is affected during events (Spinoni et al., 2020; X. Wang & Bocchini, 2023).

2.7.2 Vlegetation management

Pruning and removing branches and trees susceptible to breakage during
windstorms in hazard prone areas is a way to reduce debris generation and minimise
windstorm intensity. Planting instead vegetation that is tolerant to high wind speeds
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and strong gusts can provide a windbreak function, prevent infrastructure from being
reached by severe windstorms (Schelhaas et al., 2010; Spinoni et al., 2020). Creating the
conditions for slower tree growth along infrastructure corridors can reduce the need for
recurrent cutting (Renewables Grid Initiative, 2023).

2.8 Landslides

Landslides are a hazard that originates from a mass of rock, debris, or earth
moving down a slope. The materials may move by falling, toppling, sliding, spreading, or
flowing. Among landslides, different typologies are recognized mainly by the kind of
material involved and by the movement mechanism. Starting from the work of Varnes
(1984), Cruden & Varnes (1993) proposed a taxonomic classification which considers, in
addition to the movement mechanism at the initial stage of motion and the material, the
state of activity and the rate of movement. Landslides are often caused by seismic
activity, rainfall, or any other factor that leads to loss of slope stability. Landslides cause
extensive damage to infrastructure; the variables affecting the intensity is the rate of
movement of the mass, the depth of the movement, the material and type of movement,
and the presence of water (Capobianco et al, 2022). Landslides can progress within
seconds, or occur over long periods of time, changing the way in which they affect
infrastructure. For example, rock falls may damage sections of rail instantaneously,
however, larger scale slow movements can cause extensive damage to entire networks.
Corominas et al. (2013) present recommended methodologies for the quantitative
analysis of landslide hazard, vulnerability, and risk at different spatial scales.

Susceptibility maps have been developed at a pan-European scale using a semi-
quantitative method combining landslide frequency ratios information with a spatial
multi-criteria evaluation model of three thematic predictors: slope angle, shallow
subsurface lithology and land cover (Wilde et al., 2018). Such maps focus on the landslide
spatial distribution only, i.e., the probability of occurrence and the magnitude of the
events are not considered, making statistical modelling of landslides very difficult.

Adaptation measures modelling is currently limited to local scales (Ebrey et al.,
2021) and relies on semi-quantitative assessment of measures (Capobianco et al., 2022).

The adaptation measures to reduce landslide risk can be divided into two main
groups (Capobianco et al., 2022): measures to reduce landslide hazard (e.g., modifying
slope geometry or ground water regime, retaining structures to improve the slope
stability, erosion control etc.) and measures to reduce landslide consequences (e.g.,
deviating the path of landslides, dissipating the energy of landslides etc.). Table &
presents available modelling approaches of adaptation strategies for landslides in
Europe at different scales.
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In the following, some of the most common mitigation measures to reduce
landslide risk are briefly discussed.

Table 8. Modelling of adaptation strategies for landslides. “x” indicates modelling has
been done without economic appraisal. “$” indicates modelling has been done including
economic appraisal. Empty spaces indicate that a reqgional or continental scale modelis
available, but no future adaptation measures have been considered.
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2.8.1 Slope stabilisation

Grey and green infrastructure can be used individually or in conjunction to
improve slope stability. Retaining walls and soil nailing are common practices
(Capobianco et al., 2022); however, vegetation root systems also play an important role
in maintaining slope stability; consequently, conditions that adversely affect slope
vegetation can also lead to the occurrence of landslides (Geertsema et al., 2009; Moos
et al., 2016). Selecting robust vegetation capable of stabilizing slopes under current and
future climatic conditions can reduce the intensity of landslides infrastructure will
experience through its lifetime. Slope stabilisation can also include elements of drainage
and debris fall protection.

2.8.2 Erosion control

Limiting the mobilisation of soil as aresult of erosion can reduce the intensity and
likelihood of landslides. Promoting healthy soils that allow for vegetation rooting and
techniques such as riprapping and use of turf reinforcement mats also helps limiting
erosion, preventing landslides from occurring, or reducing their intensity (Capobianco et
al., 2022).
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2.8.3 Deviating or containing landslides

It is possible to use deflection structures or to create paths that quide landslides
when they occur. It is also possible to dissipate the energy of landslides when they
occur by placing elements in their path, such as debris racks, baffles, check dams, and
other barriers; these adaptations have been modelled at local scale (Capobianco et al,
2022).

2.9 Earthquakes

Earthquakes are sudden intense movements at the Earth’s surface resulting from
the continuous shifting of tectonic plates. Earthquakes are most prevalent near fault
lines, where plates meet; however, human-induced earthquakes have also been
observed (e.g., Adushkin, 2016). Earthquakes represent a major hazard for critical
infrastructure, consequently, especially for structures built on regions with high
seismicity, one should also consider the earthquake force during the design and
construction (Lackner, 2018).

The severity of earthquakes can be measured in several ways, quantitative or
qualitative; it can be measured by its magnitude (energy release), intensity (which, for
earthquakes is determined based on damage caused), or through the shaking
experienced. Seismic hazard models are commonly based on some parameters of
earthquake shaking; shaking is furthermore measured by the peak ground acceleration
(PGA), peak ground velocity (PGV), and spectral distribution of the earthquake, that is,
the amplitude of seismic waves at different frequencies (Grinthal & Musson, 2020).
Earthquakes can cause losses to infrastructure by damaging buildings and pavements,
causing railways to bend, pipelines to rupture, and water tables to shift (Grinthal &
Musson, 2020).

Earthquake hazard models are available at a pan-European scale for various return
periods (Danciu et al., 2021). In general, reducing seismic hazard intensity is currently not
feasible in practice; however, earthquake prevention and control may become
increasingly feasible as research progresses (Gutierrez-Oribio et al., 2022).

Only human-induced earthquakes may be mitigated by decreasing or in some
cases halting the activity that induces them. For example, earthquakes linked to
wastewater disposal into deep underground wells in Oklahoma decreased occurring
after injections were reduced (Bridegan, 2017). Even if it is not possible to reduce the
intensity or avoid a naturally induced earthquake, it is certainly possible to reduce its
adverse consequences by taking appropriate protective measures before, during and
after an earthquake. Seismic risk-mitigation strategies continue to grow more
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successful as engineers, geologists, seismologists, and other experts innovate new
public-safety initiatives in their respective fields. Even though earthquakes hit without
warning and cannot be prevented, the basis of a good earthquake safety program is to
know what can happen. Although earthquakes occur in an unpredictable manner, various
adaptation measures can be taken to reduce the seismic hazard intensity in terms of
damages and human lives. These include improving the system of seismic monitoring and
development of earthquake early warning systems, especially in earthquake-prone
areas, assessing building safety immediately following a seismic event, improving
earthquake provisions of building codes and designing strategies for making structures
more resistant to earthquakes.

2.10 General hazard reduction measures

Most of the general measures that can be used to tackle multiple hazards, or that
are independent of any hazard, focus on reducing the exposure of assets or their
vulnerability; as such, they will be explored further in D4.2. One exception is early
warning systems and operational response, outlined ahead.

2.10.1 Early warning systems and operational response

Implementation of early warning systems can function as hazard reduction
measure for flooding and drought by allowing for operational changes to be
implemented. Early warning systems are designed to trigger an alert when certain
thresholds are exceeded, such as the exceedance of a typical amount of rainfall (or
rainfall deficit). When the threshold is surpassed, the hazard can be quickly identified,
communicated, and responded to.

Targeted actions triggered ahead of a climate event can influence the intensity
of the hazard and thus reduce the extent to which critical infrastructure is affected.
Some examples of how early warning systems can be used are:

- Floods. Flood control is possible in some river systems by opening or shutting
specific locks, gates, and other control devices to direct and requlate flow.
Through improved real-time monitoring, full modelling capacity, and
understanding of river systems it is increasingly possible to adjust operating
conditions in an agile manner. This can, to an extent, help avoid or ameliorate
flooding (Harrigan et al., 2023; Van Der Werf et al., 2023; H. Wang et al., 2023).

- Drought. Similarly to floods, when precipitation deficits are identified, water
consumption policies and reservoir operations can be adjusted to reduce the rate
at which water is drained from river systems (Harrigan et al., 2023; Noguera et al.,
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2023).In the case of droughts, forecasts are frequently based on indicator trends
based on precipitation deficits (Noguera et al., 2023).

- Earthquakes. Early warning of impending earthquakes can be instrumental in
reaching safe locations upon the occurrence of a hazardous event, but also in
reducing the downtime of infrastructure systems (Cremen & Galasso, 2020).

A detailed plan to respond to climate emergencies upon detection of any hazard
is necessary for operational response. It should be known by all relevant stakeholders
and include the steps that must be taken when specific climate hazards arise.

2.1 Compound, consecutive, and cascading hazards

Individual hazards representarisk to critical infrastructure through alarge variety
of mechanisms; it is often the case, however, that a region is exposed to more than a
single hazard simultaneously, or within a short time span, constituting a multi-hazard
risk. In these cases, the risk presented to infrastructure can often be greater than that
presented by the sum of the individual hazards. Systematically understanding and
managing the risk posed by multiple hazards is an active field of research (Hochrainer-
Stigler et al., 2023). Adequate design of adaptation measures to endure multiple hazards
is essential to ensure their robustness in a changing climate. For example, designing
flood defence systems that consist of components to protect from coastal flooding but
can accommodate the case of high river discharges (i.e. storm surge barriers),
accompanied by dikes along the tidal river areas can be valuable in some areas, as the
hazards are likely to materialise simultaneously due to either a common cause, or one
hazard triggering the other.

At least three main complex hazards can be identified: compound, consecutive,
and cascading hazards.

- Compound hazards are those where two or more hazards occur simultaneously
(occasionally due to the same cause), interacting and causing impacts different
than the sum expected of the individual hazards (Hochrainer-Stigler et al., 2023).
An example of compound hazards is compound flooding, where extreme tides
(driver of coastal flooding) and high river discharge (driver of riverine flooding)
co-occur, causing a disproportionately large flood (Catto & Dowdy, 2021).

- Consecutive hazards are those which occur close to each other, both spatially
and temporally; the first event causes damage or accentuates vulnerability, and
the second one follows before the affected systems are allowed to fully recover
(de Ruiter & van Loon, 2022; Hochrainer-Stigler et al., 2023). The hazard
mechanisms of consecutive events can be different from those of the individual
components. An example of consecutive hazards would be a typhoon followed
by an earthquake, which causes mudslides. Other effects may be overwhelmed
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emergency responders and pressures on the health and financial systems (de
Ruiter et al.,, 2020). It can also be the case that multiple hazards originate from
the same prevailing conditions but materialise over alarger time span. Such is the
case of a series of floods or consecutive drought years during periods of
abnormal precipitation occurring closely together while not necessarily being
caused by each other (Moftakhari & Aghakouchak, 2019; Sun et al., 2023).

- Cascading hazards occur when a triggering interrelationship between hazards
happens, where one hazard directly leads to (or sets the conditions for) the
occurrence of a subsequent hazard (Chen & Greenberg, 2022; Hochrainer-Stigler
et al., 2023; Moftakhari & Aghakouchak, 2019). Some interactions between natural
hazards can be intuitive while others are difficult to anticipate. An earthquake
can damage a dike or a dam and cause a flood or a landslide to occur; it can also
lead to the occurrence of a tsunami, causing coastal flooding (Chen & Greenberg,
2022). Soil water repellence caused by drought can reduce the soil infiltration
capacity and lead to pluvial and riverine flooding when precipitation occurs
(Gimbel et al., 2016). A wildfire may reduce water demand over an affected region,
leading to an increase in run-off and flooding; run-off may also carry more debris
than it reqularly would, leading to more severe hazard conditions and more
challenging recovery processes (Kemter et al., 2021; Moftakhari & Aghakouchak,
2019).

Since the conditions under which hazards interact depend on many factors,
hazards that tend to occur as compound, consecutive, or cascading hazards are listed
ahead and the mechanisms behind each are briefly explained. When selecting
adaptation strategies, understanding the interplay each will have with infrastructure in
the area can be beneficial in selecting robust strategies.

Compound flooding. River, coastal, and pluvial flooding can often occur
simultaneously, in different combinations. Adaptation measures must be capable of
managing the risks of one hazard without increasing the risk for other hazards. The
Maeslant barrier, a storm surge barrier in The Netherlands, is an example of such design.

Flooding - Drought. Droughts can set the ground for intense flooding when
precipitation occurs. Preventing soil from drying out during drought can help maintain
stability upon intense precipitation, avoiding landslides and riverbank failure.
Anticipating increased run-off, erosion, and debris in flooding during and after drought
conditions is important as these factors may accentuate the intensity of the hazard.
Climate-aware afforestation can reduce the intensity of both hazards.

Flooding - Heat waves: Heat waves can contribute to flooding by accelerating
snowmelt and favouring rainfall over snowfall. Heat waves can limit refreezing and
further affect snowpack retention, exacerbating the intensity of flooding (Easterling et
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al., 2012). The introduction of green-blue infrastructure can reduce the intensity of both
hazards. Additionally, adequate forecasting, supported by the physical drivers of heat
waves and their effect on flooding can be used to adjust operating conditions and
minimise flooding intensity.

Flooding - Windstorms: Windy conditions accentuate the damaging potential of
floods. Reducing debris generation can be beneficial to reduce the hazard. Vegetation
selection and management can be used to reduce de intensity of both hazards.

Flooding - Landslides: Flood waters can cause erosion and reduces soil and slope
stability, leading to landslides and embankment failures. The contrary sequence is also
possible, where landslides can lead to obstructions and force water to shift paths and
flow through areas that would otherwise be dry, causing floods. Reducing the intensity
of either hazard will likely reduce the intensity of both, due to their reinforcing
mechanism. Afforestation and soil management can also reduce the intensity of both
hazards.

Coastal flooding - Earthquake: Earthquakes can trigger tsunamis, which can in
turn cause extensive coastal flooding. Seawalls and preparation plans that consider this
potential hazard cascade can help reduce impacts.

Drought - Heat waves: Dry conditions favour the occurrence of heat waves by
reducing the amount of energy that can be absorbed by water. High temperatures
promote evaporation and drying, often exacerbating drought hazard. The co-
occurrence of both hazards is among the most common compound hazards.
Afforestation and green-blue infrastructure can reduce the intensity of both hazards.

Drought - Wildfire: Dry conditions are often conductive to the emergence of
wildfires; wildfires desiccate the soil through their heat and can exacerbate drought
conditions. Additionally, loss of vegetation leads to reduced water infiltration and
diminished water quality.

Drought - Windstorm: The co-occurrence of dry and windy circumstances can be
damaging to vegetation; when it affects areas without vegetation it can lead to
accelerated wind erosion and events such as dust storms (Hojan et al., 2019; Saco et al.,
2021).

Drought - Landslide: Drought can deteriorate vegetation and affect slope
stability. Additionally, drying out of land masses can cause them to become destabilised
when water becomes available, leading to the occurrence or acceleration of landslides
(Handwerger et al., 2019; Saco et al., 2021).

Wildfire - Windstorm: WNildfire progression is favoured by windy conditions; wind
carries ignited debris which can then further propagate a wildfire. Wind can also cause
ignition sources to materialise such as sparks caused by disturbed electrical equipment.
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Wildfire - Landslide: Damaged or destroyed vegetation can lead to loss of
stability in slopes and cause landslides. Identifying slopes which have become
vulnerable to landslides after a wildfire can enable reacting to the threat.

3. Discussion and recommendations

This chapter has presented the main adaptation strategies that operate by
reducing the hazard intensity and the exposure of infrastructure to climate hazards. The
strategies are composed by grouping individual measures based on the way they
operate.

3.1 Adaptation at the hazard level

Literature on adaptation strategies that reduce the hazard intensity is most
available for flooding and, to alesser extent, for drought. Most of the literature for other
climate hazards focuses on reducing vulnerability to the hazards, rather than the hazard
intensity or the exposure to the hazards.

The resolution and the extent of adaptation modelling is variable by hazard and
modelling approach. In cases where high resolution models exist and spatially explicit
infrastructure data is available, it is feasible to assess asset-specific benefits derived
from adaptations. This can be used towards an actionable, spatially disaggregated
appraisal of adaptation strategies.

Even though this report focuses on adaptation at the hazard source level, it is
relevant to mention that the options investigated benefit specific assets to different
extents. This is dependent on the mechanism through which infrastructure assets are
affected by each hazard; for example, river dikes are effective in reducing flooding over
roads and rails, however, the benefit to overhead electricity lines is negligible. On the
flipside, water retention can be very valuable to maintain hydroelectric facilities
operational during droughts but may have a less relevant impact on roads and rails. This
points to the relevance of analysing the effects of hazards and adaptations for each
type of asset-hazard pair. In the case of MIRACA, each use-case may rely on different
datasets depending on the infrastructure under study and the hazards present in the
area. The use of datasets and approaches that monetize adaptations and that consider
multiple adaptation options give relevant context for comparison with other adaptation
options, as opposed to datasets that address a single option or arrive at a non-monetary
result. In the context of MIRACA, the assumptions made for all exposed assets in
adaptation models (primarily buildings in urban areas and crops in rural areas) must be
revisited to focus on critical infrastructure, specifically.

This project has received funding from the European Union’s Horizon Europe
research and innovation programme under grant agreement No. 101093854

40



¥ miraca

3.2 Compound, consecutive, and cascading hazards

Considering multi-hazard risk beyond its individual composing hazards when
developing adaptation strategies is also relevant. In this report, we explore how some
adaptation strategies that were described can be applied to improve resilience towards
common multi-hazards. Determining the hazards that infrastructure in an area may be
exposed to is the first step to define which hazard-level adaptations best reduce risk.

Deepening understanding of the underlying mechanisms driving multi-hazard risk
can help quide the design of adaptation strategies that are better able to cope with
multiple hazards with increased frequency and intensituy.

Many challenges remain when modelling risk for compound, consecutive, and
cascading hazards. This adds to the complexity that adaptation modelling for individual
hazards already presents. The main challenges relate to incompatible types of models
used (and the different inputs required, and outputs produced), variability in the scales
covered (from local to global), and the spatial and temporal resolution of the models
(metres to kilometres, and hourly to monthly, respectively). Since not all models are
suited for a fully quantitative appraisal approach, the use of semi-quantitative or
qualitative appraisal methods for adaptation strategies may be best fit for some
hazards. While some literature addresses adaptation strategies for compound flooding,
very sparse literature exists for adaptation to other multi-hazards. The relative maturity
of hazard models for compound flooding (especially river and coastal) makes it possible
to model adaptation with more ease than for most other hazards.

The performance of adaptation measures for multiple hazards is still poorly
modelled; however, when appraising adaptation strategies, measures that can be used
to tackle single hazards and are robust in front of multiple hazards should be considered.
Furthermore, when adequately selected, some measures may contribute to reducing risk
of more than a single hazard.

3.5 Creating adaptation strateqies for Cl

Another area requiring additional research is the interaction of multiple
adaptation measures when building adaptation strategies. Research suggests that
synergies can be achieved by combining multiple measures to face climate risk. The
most effective measures toimplement are largely dependent on the geography-specific
conditions of each region, the relevant hazard mechanisms through which climate
hazards affect infrastructure (in present and future climate), and the current state of
adaptation (sometimes called “adaptation capacity”).

Reducing hazard intensity when planning for adaptation of critical infrastructure
- and accounting for measures that have already been implemented - can be valuable
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input for selecting adaptation measures that reduce the vulnerability to climate
hazards. Reducing the hazard at the source makes it possible to later focus on tackling
the residual risk through reduced vulnerability.

The insights produced by this deliverable are well-aligned with other research
that has been produced by the European Union on adaptation. We present the diversity
of measures that are viable for different hazards, the geographically specific challenges
that exist when adapting, and the attractiveness of using both greenand grey measures
in the adaptation process. The focus on the hazard component of risk ensures that the
measures presented are relevant for Cl systems while leaving the CI vulnerability
component of risk to be explored in Deliverable 4.2.
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