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Summary

Climate change will pose multiple impacts on natural and human systems worldwide, increasing risks from
long-term climate trends and disasters triggered by weather extremes. Until now, a hazard by hazard
approach was considered in risk assessment for evaluating the consequences of individual natural and
climate-related hazards (e.g. heavy precipitation events, droughts, floods, debris flows, landslides, storm
surges) on vulnerable systems, without any consideration of an integrated assessment of multiple risks
triggered by different forces.

Starting from an initial review of existing multi-risk assessment concepts and tools applied by international
organisations and projects, the main aim of the thesis was to develop and apply an advanced and
interdisciplinary multi-risk methodology, allowing a sound assessment and communication of the multi-
faceted threats posed by a variety of climate-related hazards across regions and sectors. A multi-hazard
assessment was developed to analyze the relationships of multiple hazards (e.g. sea-level rise, coastal
erosion, storm surge) happening in the same spatial and temporal area, using an influence matrix and the
disjoint probability. Then, the multi-vulnerability of different exposed receptors (e.g. natural systems,
beaches, agricultural and urban areas) was estimated through a variety of vulnerability indicators (e.g.
vegetation cover, sediment budget, % of urbanization) associated to different hazards. Finally, the multi-risk
assessment was performed by integrating the multi-hazard with the multi-vulnerability index for the
exposed receptors, thus supporting the development of information useful to stakeholders in the definition
of adaptation strategies. The methodology was tested in the North Adriatic coast producing GIS-based multi-
hazard, exposure, multi-vulnerability and multi-risk maps. The results of the analysis showed that the areas
affected by higher multi-hazard scores are located close to the coastline where all the investigated hazards
are present. Multi-vulnerability assumes relatively high scores in the whole case study, showing that
beaches, wetlands, protected areas and river mouths are the more sensitive targets. Finally, the multi-risk
map presents a similar trend - of the multi-hazard map, highlighting beaches as the receptor more affected
by multi-risk with a relevant percentage of surface (i.e. 60%) in the very high and high multi-risk classes. The
final estimate of multi-risk for coastal municipalities provides useful information for local public authorities
to set future priorities for adaptation and define future plans for shoreline and coastal management in view
of climate change.

In conclusion, the proposed multi-risk methodology is a step forward to traditional single risk assessments,
providing a more comprehensive — even if relative - assessment of the multiple impacts and risks affecting
the same area. Moreover, moving from the multi-risk methodologies generally developed for natural
hazards, the presented methodology considers also future scenarios of climate-related hazards, providing a
generic guideline for its application to different case studies, scale of analysis and contexts. The proposed

multi-risk methodology can be applied adopting a bottom-up approach considering stakeholder needs in
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order to obtain tailored risk-based adaptation services suitable to mainstream adaptation in the

development of plans, policies and programmes.

Sommario

| cambiamenti climatici causeranno molteplici impatti sia sui sistemi naturali che umani a livello globale,
aumentando i rischi legati agli andamenti climatici al lungo termine e ai disastri causati da eventi estremi.
Finora, per 'analisi del rischio era stato considerato un approccio di valutazione sui singoli pericoli al fine di
valutare le conseguenze dei pericoli naturali e associati ai cambiamenti climatici (ad es. eventi di
precipitazione estrema, siccita, inondazioni, colate di debris flow, frane, mareggiate) su sistemi vulnerabili,
senza tuttavia alcuna analisi integrata dei molteplici rischi innescati da diverse forzanti

Partendo da un’analisi iniziale di concetti, strumenti, organizzazioni e progetti esistenti riguardo I'analisi
multi-rischio applicati a livello internazionale, I'obiettivo principale della tesi & stato quello di sviluppare e
applicare una metodologia avanzata e interdisciplinare di analisi multi-rischio, al fine di permettere una
valutazione e comunicazione affidabile delle diverse minacce causate dai diversi pericoli legati ai
cambiamenti climatici, in differenti regioni e settori.

La valutazione dei multi-pericolo permette di analizzare le relazioni tra i molteplici pericoli (ad es.
innalzamento del livello del mare, erosione costiera, mareggiate) che possono verificarsi nella stessa finestra
spazio-temporale utilizzando una matrice di influenza e I'analisi delle probabilita disgiunte. Successivamente,
la multi-vulnerabilita di recettori esposti (ad es. sistemi naturali, spiagge, aree agricole e urbane) € stata
stimata attraverso indicatori di vulnerabilita (ad es. copertura vegetale, budget sedimentale, % di
urbanizzazione) associati ai diversi pericoli. Infine, la valutazione di multi-rischio & stata svolta integrando
I'indice di multi-pericolo con la multi-vulnerabilita degli elementi esposti, al fine di supportare lo sviluppo di
informazioni multi-rischio che siano utili per gli utenti finali nella definizione di strategie di adattamento.

La metodologia e stata applicata alle coste del Nord Adriatico, fornendo delle mappe su base GIS di multi-
pericolo, esposizione, multi-vulnerabilita e multi-rischio.

| risultati mostrano che le aree colpite da i piu alti punteggi di multi-pericolo sono localizzate vicino alla linea
di costa dove sono presenti tutti i pericoli analizzati. La multi-vulnerabilita assume punteggi relativamente
alti in tutta I'area studio, evidenziando che le spiagge, le aree umide, le aree protette e le bocche di fiume
sono i recettori piu sensibili.

Infine, la mappa di multi-rischio presenta un andamento simile rispetto alla mappa di multi-pericolo,
sottolineando che le spiagge rappresentano il recettore pil colpito dai molteplici rischi con una percentuale

superficiale rilevante (i.e. 60%) nelle classi di multi-rischio alta e molto alta.



La stima finale di multi-rischio per i comuni costieri fornisce delle informazioni utili per le autorita locali al
fine di definire priorita future di adattamento e piani per la gestione costiera in un’ottica di cambiamento
climatico.

In conclusione, la metodologia multi-rischio proposta permette di fare un passo avanti rispetto alla
tradizionale valutazione dei singoli rischi, fornendo un’analisi piut completa — anche se relativa — dei
molteplici impatti e rischi che colpiscono la stessa area. Inoltre, partendo dalle metodologie multi-rischio
generalmente sviluppate per i pericoli naturali, la presente metodologia considera anche gli scenari futuri
per i pericoli derivanti dai cambiamenti climatici, fornendo delle linee guida utili per la sua applicazione a
diversi casi studio, scale di analisi e contesti. La metodologia di multi-rischio puo essere applicata adottando
un approccio bottom-up considerando le necessita degli utenti finali al fine di ottenere degli strumenti

efficaci per lo sviluppo di piani, politiche e programmi.
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1.1. Motivations and objectives
According to the report of the World Bank on the main hotspots of natural hazards (Dilley et al. 2005), about
3.8 million km? and 790 million people in the world are relatively highly exposed to at least two hazards,
while about 0.5 million km? and 105 million people to three or more hazards. In this context, the relevance
for adopting a multi-risk assessment approach emerges from international organizations (e.g. Dilley et al.
2005; IPCC 2012) at a range of spatial scales, including the European level (EC 2010). Also in the special report
of extreme events and disasters (IPCC 2012), the IPCC points out the relevance of adopting a multi-hazard
approach in order to allow adaptation and reduction measures more effective, in the present and particularly
in the future. Moreover, multi-risk approaches should be considered and applied in all geographical areas
affected by several hazard types for a spatially oriented risk management and for the development of
Environmental Impact Assessment and Strategic Environmental Assessment (Greiving et al. 2006;
Carpignano et al. 2009; EC 2011).
At the global and European level, the interest about the multi-risk assessment increased in the last decade.
This concept is generally used in applications and initiatives aimed at the assessment of risks derived from
different natural and man-made hazardous events (e.g. Schmidt-Thomé 2006; FEMA 2011; Farrokh and
Zhonggiang 2013).
However, usually a hazard by hazard approach is considered for evaluating the consequences of individual
natural and climate-related hazards (e.g. heavy precipitation events, droughts, floods, debris flows,
landslides, storm surges) on vulnerable systems (EC 2004; DEFRA 2006; Kappes et al. 2010; Santini et al.
2010; Feyen et al. 2011; Hinkel et al. 2011). Specifically, single-risk analysis allows a determination of the
individual risk arising from one particular hazard and process occurring in a specific geographic area during
a given period of time (Bell and Glade 2004a; EC 2010), while it does not provide an integrated assessment
of multiple risks triggered by different forces (natural and anthropogenic) (Glade and von Elverfeldt 2005;
IPCC 2007; World Bank 2010; Marzocchi et al. 2012).
For instance, coastal zones will be exposed to different climate change impacts and consequences, such as
storms, coastal erosion, sea-level rise and saltwater intrusion (IPCC 2007; Nicholls and Cazenave 2010;
Torresan et al. 2012). This highlights the importance to consider all these hazards simultaneously in order to
approximate their dependencies and to provide a useful overview of the total risk arising from climate
change (IPCC 2012) for that particular coast. Therefore, a comprehensive approach should be applied to the
assessment of natural and specifically climate-related disaster risks in order to consider the whole aspects
contributing to the increase of hazards, exposure and vulnerability in a multi-risk perspective (Del Monaco
et al. 2007; Garcia-Aristizabal and Marzocchi 2011). Moreover, future changes in exposure and vulnerability
should be considered as key determinants of loss and should be analysed together with natural climate

variability and anthropogenic climate change for the assessment of disaster risks and impacts (IPCC 2012).
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The objective of this thesis is to develop a multi-risk assessment of potential natural and climate change
impacts on multiple natural ecosystems and human sectors (e.g. beaches, wetlands, urban and agricultural
areas), in order to support the development of risk management strategies and the definition of adaptation
measures.

The methodology was developed with the aim to be flexible and applicable to different case studies and
spatial scales (i.e. from local to national) and for different hazards (i.e. natural and climate-related hazards).
This innovative assessment should provide a useful spatial tool for territorial authorities to improve risk
assessment and management decision making including all the risks affecting the analysed area (Greiving et
al. 2006; Kappes 2011). The final goal is to provide improved scientific-based and local knowledge about the
different impacts and risks posed by natural and climate-related hazards, in order to aid decision making
processes and spatial planning.

Moving beyond the traditional single hazard analysis (Torresan 2008; Torresan et al. 2012; Gallina et al. 2014
b; Rizzi 2014), the proposed methodology integrates information from multi- models and climate scenarios
(e.g. regional climate models, hydrodynamic models) in a multi-hazard perspective; and a multi-vulnerability
assessment which considers the physical and environmental characteristics of the elements at risk affected
by multiple hazards.

The methodology applies Multi Criteria Decision Analysis (MCDA) which enables the evaluation and ranking
of different decision making alternatives and the involvement of many users (decision makers as well as
experts) (Giove et al. 2009). Specifically, the integration of expert judgments and stakeholder preferences
allows the aggregation of quantitative and qualitative physical and environmental indicators for hazard,
exposure and vulnerability characterization.

The final result is a semi-quantitative assessment of areas and targets affected by multiple risks related to
natural hazards and climate change and includes the identification of homogeneous multi-risk units allowing
the establishment of priority multi-risk areas where detailed analysis and interventions should be defined.
In this approach, the socio-economic sphere is not taken into account. The separate analysis of the
physical/environmental and the socio-economic spheres was also applied in other contexts (e.g. Ronco et al.
2014) even if is easily possible to join the two aspects in order to provide a composite evaluation of risks and
impacts. Also in this PhD work, the multi-risk methodology provides an estimation of the
physical/environmental multi-risk that can be used as input for the social and economic evaluation.

The multi-risk methodology was developed within the Euro-Mediterranean Centre on Climate Change
(CMCC, www.cmcc.it) in the frame of the GEMINA project (2011-2015) funded by the Italian Special
Integrative Fund for Research (FISR). The North Adriatic coastal area was selected as case study to test the

multi-risk methodology and the main results of the analysis are presented and discussed in this thesis.
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1.2. Thesis structure
This thesis is organised in three main sections: Section A illustrates the theoretical background of this PhD
work; Section B describes the multi-risk methodology developed within the thesis; finally, Section C presents
the application of the methodology to the case study area of the North Adriatic coast.
Section A presents the state of the art concerning multi-risk approaches and methods for natural hazards
and climate change, providing a general overview of the main definitions used in literature (i.e. multi-hazard,
multi-vulnerability, multi-hazard risk and multi-risk); a critical analysis of the relevant organisations, tools,
projects and methodologies developed at the international level; and finally illustrating the main challenges
and issues concerning the development of a multi-risk methodology in a climate change perspective. This
part highlights the major research objectives that the climate change community should handle when
considering the assessment of multiple impacts and risks for adaptation and prevention purposes in order
to provide a more comprehensive and advanced methodology for multi-risk assessment.
Section B concerns the methodological development of the multi-risk assessment. After a brief presentation
of the methodological framework, each step of the methodology (i.e. multi-hazard, exposure, multi-
vulnerability and multi-risk) is described considering the input data, the aggregation equations and the
outputs of each phase.
Finally, Section C is related to the application of the multi-risk methodology presented in Section B for the
North Adriatic coastal case study. After an introduction to the case study area, the main input data,
assumption and results of each step of the multi-risk methodology are presented and critically analysed.
Conclusions are aimed to provide a summary of main findings and possible further investigations and

recommendations for the improvements of the proposed multi-risk methodology.
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SECTION A: THEORETHICAL BACKGROUND

2. A review of multi-risk methodologies for natural hazards: challenges for a climate change impact
assessment

The present Section A (Chapter 2) is aimed to present the state of the art concerning multi-risk approaches
and methods in order to provide a solid scientific support for the development of a multi-risk methodology
addressing cumulative natural hazards and climate change impacts on different natural and human systems.
Particular emphasis is given to the analysis of natural climate variability and biophysical and environmental
aspects of vulnerability, while the socio-economic dimension as well as any coping capacity of the exposed
elements at risk is not considered in this phase of analysis.

Following the review of the relevant key definitions used in the literature (Section 2.1), Section 2.2 and 2.3
provide a critical analysis and discussion about organisations, tools, projects and methodologies applied at
the international level and specifically in Europe. Finally, Section 2.4 aims to discuss the main consequences

and challenges for the development of a multi-risk assessment approach related to climate change hazards.

2.1. Terminology of multi-risk

Within the general development of the International Decade of Natural Disaster Reduction (IDNDR) and the
following permanently installed International Strategy for Disaster Reduction (ISDR) (Zentel and Glade 2013),
the interest and reference to the concept of multi-hazard has been first made in the Agenda 21 Conference
in Rio de Janeiro (UNEP 1992) and then in the Johannesburg Plan (UN 2002) in which a complete multi-hazard
approach was proposed for disaster management and risk reduction. Afterwards, the initiatives of analysing
the multiple risks arising from different hazards and affecting many exposed elements at risk are constantly
increasing during the last years (e.g. Bell and Glade 2004b; Glade and von Elverfeldt 2005; Kappes et al. 2010;
EC 2011; Garcia-Aristizabal and Marzocchi 2012a, 2012b; Kappes et al. 2012a).

A major difficulty in a new emerging discipline, such as multi-risk, is the lack of a precise definition of terms
generally agreed by all different communities. However, a unified glossary is essential to minimize
misunderstanding and to provide a rigorous basis for the scientific knowledge (Garcia-Aristizabal and
Marzocchi 2012a; Thywissen 2006).

In order to avoid any confusion, Table 2.1.1 summarises the main concepts and references within the multi-

risk context. These are the basis for the discussion of the analysed initiatives and methodologies.
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events on the investigated areas and receptors (i.e. elements
potentially at risk) combining hazard, exposure and
vulnerability. 1t can be expressed in probabilistic or
relative/semi-quantitative terms.

Concept Definition References
Hazard It represents the physical phenomenon related to climate | UNISDR 2009; IPCC
change (e.g. sea-level rise, storm surges) that has the potential | 2012, 2014
to cause damage and loss to property, infrastructure,
livelihoods, service provision, and environmental resources.
Exposure It represents the presence of people, livelihoods, environmental | UNISDR  2009; IPCC
(i.e. elements | services and resources, infrastructure, or economic, social, or | 2012, 2014
potentially at risk) cultural assets in places that could be adversely affected.
Vulnerability It represents the propensity or predisposition of a community, | UNISDR 2009; IPCC,
system, or asset to be adversely affected by a certain hazard. In | 2012, 2014
a broad sense it should include economic, social, geographic,
demographic, cultural, institutional, governance, and
environmental factors.
Risk It quantifies and classifies potential consequences of a hazard | IPCC 2012, 2014

Disaster risk

The potential disaster losses, in lives, health status, livelihoods,
assets and services, which could occur to a particular
community or a society over some specified future time period.

UNISDR 2009

Multi-hazard

It refers to:

—different hazardous events threatening the same exposed
elements (with or without temporal coincidence);

—hazardous events occurring at the same time or shortly
following each other (cascade effects).

Carpignano et al. 2009;

EC, 2011; Garcia-
Aristizabal and
Marzocchi 20123,
2012b

It refers to the totality of relevant hazards in a defined
administrative area.

Kappes et al. 2010, 2011

Multi-vulnerability

It refers to:

—a variety of exposed sensitive targets (e.g. population,
infrastructure, cultural heritage, etc.) with possible different
vulnerability degree against the various hazards;

—time-dependent vulnerabilities, in which the vulnerability of a
specific class of exposed elements may change with time as
consequence of different factors (e.g. the occurrence of other
hazardous events).

Carpignano et al. 2009;

Garcia-Aristizabal and
Marzocchi 20123,
2012b

Multi-hazard risk

It refers to the risk arising from multiple hazards.

Kappes et al. 2012a

Multi-risk

Itis related to multiple risks such as economic, ecological, social,
etc.

Kappes et al. 2012a

It determines the whole risk from several hazards, taking into
account possible hazards and vulnerability interactions entailing
both a multi-hazard and multi-vulnerability perspective.

Carpignano et al. 2009;

Garcia-Aristizabal and
Marzocchi 20123,
2012b

Table 2.1.1. Concepts and definitions of the multi-risk approaches.

As defined by UNISDR (2009) and IPCC (2012, 2014), the basic components that should be considered in the

multi-risk assessment are: hazard, elements at risk including their exposure and vulnerability. Specifically,

hazard refers to the physical phenomenon that has the potential to cause damages and losses to human and
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natural systems (UNISDR 2009; IPCC 2012, 2014). While exposure represents the presence of the elements
at risk (e.g. buildings, infrastructure, environments) that could be adversely affected, these elements at risk
are characterized by their intrinsic vulnerability towards a given hazard intensity. In a broad sense
vulnerability should include economic, social, geographic, demographic, cultural, institutional, governance,
and environmental factors (IPCC 2012, 2014). However, several authors strictly refer to the physical and
environmental vulnerability (e.g., Glade 2003; Papathoma-Kohle et al. 2011; Kappes et al. 2012b; Pasini et
al. 2012; Torresan et al. 2012), while others are focused on the socio-economic characteristics and damages
(e.g., Holman et al. 2002; Fuchs et al. 2007; Fekete 2009; Hufschmidt and Glade 2010). In this paper the term
vulnerability is considered in the physical and environmental sense, especially in Section 2.4 where no
considerations were provided for the socioeconomic characteristics. The afore-mentioned concepts (i.e.
hazard, exposure and vulnerability) contribute to the definition of risk that should allow a quantification of
the consequences derived from different hazards (i.e. relative risk, Table 2.1.1). Moreover, disaster risk is
considered by UNISDR (2009) as the potential disaster losses, in lives, health status, livelihoods, assets and
services that could occur to a particular community or a society over some specified future time period.
However, for the understanding of the multi-risk concept, the two most important pillars are multi-hazard
(Glade and von Elverfeldt 2005; Carpignano et al. 2009; Kappes et al. 2010; EC 2011; Kappes et al. 2011;
Garcia-Aristizabal and Marzocchi 2012a, 2012b) and multi-vulnerability (Carpignano et al. 2009; Hufschmidt
and Glade 2010; Garcia-Aristizabal and Marzocchi 2012a, 2012b; Ciurean et al. 2013) which may consider all
the hazards, exposed sensitive targets and their time-dependent vulnerability in the analysed area (e.g.
administrative unit, case study).

Specifically, the multi-hazard concept is related to the analysis of different relevant hazards, triggering and
cascade effects threatening the same exposed elements with or without temporal concurrence
(Komendantova et al. 2014).

Multi-vulnerability may consider different exposed elements (i.e. ecosystem approach) with possible
different vulnerability, changing according to different types of hazards and over time.

In the cited definitions it is not clearly specified that hazards and vulnerability should be considered
simultaneously, allowing an open interpretation and application of these concepts. For instance, it is possible
to find different multi-hazard tools that provide single hazard analysis without any consideration about
cascade effects or the aggregation in a total hazard index highlighting areas most affected by hazards than
others (e.g., the HAZUS concept of FEMA, http://www.hazus.org).

It is possible to summarise two main approaches that consider both hazards and vulnerability: the multi-
hazard risk assessment (Kappes et al. 2012a) and the multi-risk assessment (Carpignano et al. 2009; Garcia-

Aristizabal and Marzocchi 2012a, 2012b; Kappes et al. 2012a).
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The first approach provide an analysis of different hazards - aggregating them in a multi-hazard index - and
the assessment of a total territorial vulnerability (i.e. no hazard-dependent vulnerability) allowing a multi-
hazard risk assessment. These steps can be summarised as follows:

1. Hazard assessment;

2. Multi-hazard assessment;

3. Exposure assessment of elements at risk;

4. Vulnerability assessment;

4. Multi-hazard risk assessment.

The multi-risk assessment, is more complex and it comprises both multi-hazard and multi-vulnerability
concepts taking into account possible hazards and vulnerability interactions (Carpignano et al. 2009; Garcia-
Aristizabal and Marzocchi 2012a, 2012b). In this approach risks are analysed separately (i.e. considering for
each hazard a specific analysis of exposure and vulnerability) and then the aggregation allows a multi-risk
index evaluation. The steps that should be adopted are the following:

1. Hazard assessment;

2. Exposure assessment of elements at risk;

3. Vulnerability assessment;

4. Single-risk assessment;

5. Multi-risk assessment.

Moreover, the analysed concepts have different connotations according to the expertise involved (e.g.
natural scientists, engineers, economists) and to the aim of the analysis, requiring a holistic assessment of
risks and consequences (Garcia-Aristizabal and Marzocchi 2011).

This thesis will present multi-hazard, multi-hazard risk and multi-risk methodologies. The approaches dealing
with the analysis of multi-vulnerability are not investigated in further detail. The focus of this work is related
only to the biophysical and environmental characteristics. Moreover, the methodologies and approaches
will be outlined in the following chapters (2.2 and 2.3) specifically for the natural hazards, while climate

change consequences will be investigated in Chapter 2.4.

2.2. An overview of multi-risk assessment
In the light of the presented definitions on multi-hazard, multi-hazard risk and multi-risk, different
organisations and institutions are involved in the development of services and tools for global, national and
local applications. Table 2.2.1 provides a list of the main organisations and tools including the main

references.
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Organisation Tool ad services Web-site, references
World Bank Global hotspot maps of natural | www.worldbank.org; Dilley
disasters et al. 2005
Munich Re Global maps of natural hazards www.munichre.com
FEMA Hazus software www.fema.gov; FEMA 2011
RiskScape RiskScape www.riskscape.org.nz;
Reese et al. 2007; GNS and
NIWA 2010
Central American | CAPRA software WWW.ecapra.org; Bernal
Coordination Centre for 2010
Disaster Prevention
AMRA Development of quantitative | www.amracenter.com;
multi-risk approaches. AMRA 2013

Table 2.2.1. Organizations, tools and services dealing with the multi-risk concept.

At the global level, the World Bank (Dilley et al. 2005) and Munich Re (Touch Natural Hazards,
www.munichre.com) provide a large-scale analysis of natural hazards allowing a spatial visualization of
hotpots by the use of simple risk indexes (e.g. potential losses, mortality) in which different hazards occur
(e.g., floods, droughts, cyclones, earthquakes) . These representations are useful for addressing global
policies even if they cannot provide a coherent risk assessment at a more detailed level, which requires a
deeper analysis of causes and effects of the considered hazards.

The Federal Emergency Management Agency of United States (www.fema.gov) developed the HAZUS GIS-
based tool (FEMA 2011) which allows the estimation of potential losses from several individual hazards (i.e.
floods, hurricanes, and earthquakes) in order to support mitigation planning efforts. The estimated losses in
HAZUS are related to physical damages to buildings (residential and commercial) and infrastructure;
economic losses (lost jobs, business interruptions and reconstruction costs) and social impacts (shelter
requirements, displaced households, and population exposed to hazard scenarios). However, this tool
neither allows a simultaneous assessment of multiple hazards and damages nor their interactions and
cascading effects, but provides different outputs for different hazards applicable for comparisons.
Moreover, in New Zealand RiskScape has been developed by GNS Science (www.gns.cri.nz) and NIWA
(www.niwa.co.nz) for the quantification of direct and indirect losses due to river floods, earthquakes,
volcanic activity (ash), tsunamis, and wind storms on people’s lives. The methodology allows the comparison
among different hazards considering the information arising from hazard exposure (i.e. the magnitude of
the hazard), assets (i.e. human- or socially-valued elements that are threatened by a hazard) and
vulnerability by means of fragility functions that specify a relation between hazard, asset characteristics, and
the potential damages (GNS and NIWA 2010; Schmidt et al. 2011; www.riskscape.org.nz).

A GIS-based tool freely available is CAPRA (www.ecapra.org) developed by Central American Coordination
Centre for Disaster Prevention (CEPREDENAC), in collaboration with Central American Governments, the
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United Nation’s International Strategy for Disaster Reduction (ISDR), the Inter-American Development Bank
and the World Bank. The software allows a probabilistic analysis of earthquakes, hurricanes, volcanic activity,
floods, tsunamis, landslides and related losses in the Central America. Moreover, it allows the comparison
of different hazards considering also the secondary hazards arising from earthquakes, rainfall and hurricanes
(i.e. tsunami, landslides and floods) (Bernal 2010).

Robust analyses and monitoring of environmental risks are the main tools provided by AMRA center
(www.amracenter.com) for the development of quantitative multi-risk approaches in different EU funded
projects (NaRAs, MATRIX, CLUVA and ByMur, e.g., Komendantova et al. 2014).

The analysed tools provide an overview of the multi-risk approaches from the global to the local scale. It
emerges that most of the initiatives have developed multi-risk methodologies that partially consider the
definitions listed in Table 2.1.1, providing only a detailed analysis of single hazards without considering their
interactions and cascading effects. Moreover, the developed tools are generally based on the scale of
analysis: at a broad scale the methodology is performed using simple risk indices, while the more detailed
scale allows a more deep assessment of hazards, exposure and vulnerabilities.

In addition to multi-risk assessment tools, in the last decade different European projects have been funded
for the analysis of multi-risk and for the development of a generalised methodology for its assessment. Table
2.2.2 summarises the objective, the scale of analysis, the investigated hazards, the approach used and the

references for each analysed project.
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Project Objective Scale of analysis Investigated hazards Approach Reference

NaRAs To promote the development of education actions | Local/ Casalnuovo | Volcanic, Seismic, Flooding, | Probabilistic Marzocchi et al. 2012
and early warning methods for seismic risk mitigation | municipality Landslide, Industrial
and to stimulate the development of quantitative | (Campania, Italy)
probabilistic methodologies for risk evaluation and
different emergency scenarios using stochastic
methods.

ESPON- To represent the spatial patterns of natural and | European, regional | River floods, Forest fires, | Delphi Greiving 2006;

HAZARD technological hazards in administrative regions of the | and local/Dresden | Earthquakes, Winter storms, method Greiving et al. 2006;

1.3.1 ESPON space, on NUTS 3 level. (Germany); Centre | Volcanic eruptions, Droughts, | Weighted Olfert et al. 2006;

Region of Portugal; Itd | Extreme  precipitations and | sum Schmidt Thome 2006
Uusimaa  (Finland); | temperatures, Qil transport,
Ruhr District | Major accident hazards (e.g.
(Germany); Europe nuclear power plants, waste
deposit, dams)

ARMONIA | To produce a methodology that combines multiple | National and local/ | Flooding, Earthquakes, Forest | Generic Del Monaco et al.
risks  aggregating  hazards, exposure and | Arno River basin | fires, Landslides, Volcanic | framework 2007
vulnerability. (Italy); England and | eruptions and specific

Wales application
to different
case studies

MATRIX To develop methods and tools to tackle multiple | Regional, local Earthquakes, Landslides, | Three level of | Farrokh and

natural hazards within a common framework. Volcanic eruptions, Tsunamis, | analysis: Zhonggiang 2013;
Wildfires, Winter storms, Fluvial | qualitative, matrix.gpi.kit.edu
floods, Coastal floods semi-

guantitative,
guantitative.

CLUVA To develop methods and knowledge to be applied to | Regional, local/ | Sea-level rise, Flood, Drought, | Probabilistic Garcia-Aristizabal and
African cities to manage climate risks, to reduce | African case studies Intense rainfall, Erosion, Water Marzocchi 2012a,
vulnerabilities and to improve their coping capacity scarcity, Desertification 2012b, 2012¢;
and resilience towards climate changes. www.cluva.eu

ByMur To provide a quantitative and objective new Bayesian | Local/ Naples | Eruptions, Tsunami, Earthquakes | Bayesian bymur.bo.ingv.it

Multi-Risk method for comprehensively analyzing the
complex of risks threatening a given area.

(Campania, ltaly)

Table 2.2.2. European funded projects dealing with the multi-risk concept.
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The analysed European projects are mostly focused on the assessment of natural (e.g. droughts, avalanches,
earthquakes, floods, landslides) and technological hazards (e.g. air traffic hazards, hazards from nuclear
power plants). In fact, the hazards influenced by climate change (e.g. sea-level rise, drought, flood, erosion,
desertification) are considered only in the CLUVA project (Garcia-Aristizabal and Marzocchi 2012b).

The investigated projects encompass different approaches, from the qualitative one, which is the most
simple but does not allow a numerical evaluation of the hazards, to the quantitative estimates of the hazards
and risks that provides a robust assessment of the elements characterizing the risks. As far as the qualitative
approaches are concerned, the ESPON HAZARD 1.3.1 and MATRIX projects have developed a Delphi method
based on the administration of questionnaires and allowing a subjective estimate of the hazard starting from
the end-user level (Farrokh and Zhonggiang 2013). Specifically, in the ESPON project, the questionnaire has
been proposed to the experts involved in the application in order to rank and aggregate the analyzed hazards
based on a set of weights representing the importance of each hazard in the integrated hazard map (Greiving
2006; Greiving et al. 2006; Olfert et al. 2006; Schmidt-Thome 2006). Moreover, in the MATRIX project the
gualitative method is used as first step analysis to integrate end-users’ knowledge for the identification of
hazards and vulnerable targets to be considered in the multi-risk process (Farrokh and Zhonggiang 2013;
Komendantova et al. 2014).

Moving to a more detailed analysis, the semi-quantitative methods (e.g. cause-effects matrixes) provide an
evaluation of the relationships between agents and processes (Farrokh and Zhonggiang 2013) and the
respective exposures of given elements at risk (Kappes et al., 2012c), while quantitative methods (e.g.
weighted sum, Bayesian networks, probabilistic approaches) for the multi-risk assessment allow a robust
analysis of the risk components (Greiving 2006; Greiving et al. 2006; Olfert et al. 2006; Schmidt-Thomeé 2006;
Garcia-Aristizabal and Marzocchi 2012c; Marzocchi et al. 2012; Farrokh and Zhonggiang 2013).

Analysing the flexibility of application, most of the investigated projects are focused on the multi-risk
assessment of natural and technological hazards in specific case studies, while only ARMONIA and MATRIX
projects are aimed at the development of general methodologies that can be applied in different case studies
and for several hazards. The strength of these approaches is the development of general guidelines that

could be adopted and improved by experts dealing with the multi-risk problems.

2.3. State of the art of existing methodologies
In order to facilitate a comparative analysis and discussion, the reviewed methodologies were categorized
in multi-hazard, multi-hazard risk and multi-risk approaches (Table 2.1.1). Moreover, the methodologies
were resumed in Table 2.3.1, according to the following fields: reference (i.e. name of the project or
reference), objective, scale of analysis and case study, investigated hazards, multi-hazard aggregation,

vulnerability, outputs.
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Reference Objective Scale of Investigated hazards Multi-hazard aggregation | Vulnerability Outputs
analysis/case study
Multi-hazard
Mahendra Assessment and | Regional/the coast —Sea-level rise; GIS and remote sensing / —Multi-hazard map of
et al. 2010 mapping of multi- | of Nellore District, —Storm surge; techniques. the studied region;
hazards using the | Andhra Pradesh East _Coastal erosion. —Statistics related to the
historical data to | Coast of India. surface of the case
measure trends study area affected by
and future multi-hazard.
projections.
Kappes et al. | Modelling Regional scale —Floods Single hazard modelling Exposure analysis only —Maps of single and
2010, 2012c; | different hazards —Rock falls Overlay of the spatial multi-hazards
Frigerio et on a similar data _Debris flows extend of single hazards —Map of number of
al. 2012 base.s, but based _Shallow landslides hazards for given
on different locations
medelling —Snow avalanches c
—Exposure maps
approaches —Validation maps for all
single hazards
De Pippo et | To presenta Local/Northern —Shoreline erosion; —Geomorphologic / Multi-hazard maps of the
al. 2008 semi-quantitative | Campania coastal —Riverine flooding; indicators; studied region or of a
method to zone (Naples), Italy _Storms; —Cause/effect matrix; particular area.
quantify, rank —Landslides; —Aggregation equation.
and map the L
distribution of —Se|sm|F|ty and
hazard along the volcanism;
Northern —Man-made
Campania coastal structures.
zone.
Multi-hazard risk
ESPON to present the European, regional —Natural hazards (e.g. | —Selection of the hazard —Selection of the — Integrated hazard
Hazard 1.3.1 | Integrated Risk and local/Dresden indicators (e.g. hazard

Assessment of
Multi-Hazards as
a new approach
to serve as a
basis for a spatial

(Germany); Centre
Region of Portugal;
[ta Uusimaa
(Finland); Ruhr

avalanches, drought,
earthquakes, floods,
tsunami);
—Technological hazards
(e.g. air traffic and

frequency);

—Weighting of the hazard
indicators by means of
the Delphi method,;

vulnerability indicators
(e.g. GDP, per capita,
population density);
—Aggregation of the
vulnerability indicators

map;
— Vulnerability map;

— Integrated risk map
obtained aggregating
the hazard score with
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Reference

Objective

Scale of
analysis/case study

Investigated hazards

Multi-hazard aggregation

Vulnerability

Outputs

risk management
process in
administrative
regions on NUTS3
level.

District (Germany);
Europe

major accident
hazards, nuclear
power plants)

—Weighted sum of the
hazard indicators.

by means of weighted
sum.

the vulnerability score
by means of a
correlation matrix.

Wipulanusat | To develop the Local/Pak Phanang —Drought; —Selection of the hazard | — Selection of the — Risk map related to the
etal. 2009 | application of GIS | Basin, southern east | _fjgods. indicators based on vulnerability factors single hazard;
and remote coast of Thailand guotation frequencies (population density — Multi-risk created by
sensing in multi- and authors’ experience and land use type) and overlaying the drought
hazard risk (e.g. rainfall, channel their sub-factors; risk map with the flood
assessment. density, drainage) and — Aggregation of the risk map;
their sub-factors; vulnerability factors by | — Statistics related to the
—Weighting of the hazard means of weighted surface of the case
factors according to their sum. study area affected by
relative priority and the different
expected significance in risk/multi-risk classes.
causing the hazard; Risk is classified in
—Aggregation and qualitative classes (low,
classification of the moderate, high).
hazard factors by means
of weighted sum
obtaining qualitative
hazard classes (low,
moderate, high).
Multi-risk
van Westen | To support the Local/Turrialba, — Seismic; —Selection of the hazard | — Quantification of the —Specific risk curve for
et al. 2002 local authorities | Cartago, Costa Rica, | _ flooding; indicators (Modified direct tangible cost for each hazard type and
with basic Central America _ Landslides. Mercalli index, Flood building for each each return period
information for hazard maps, Landslide investigated hazard by representing the
disaster hazard based on

management at
the municipal
level with a multi-
risk assessment.

historical landslide
inventory);

means of vulnerability
functions correlating
the cost with the
intensity of the hazard;

expected degree of
loss;

—Total risk curve from
the combination of the
investigated hazard
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Reference Objective Scale of Investigated hazards Multi-hazard aggregation | Vulnerability Outputs
analysis/case study
—Creation of hazard maps | — Vulnerability data are representing the

of each investigated used in GIS creating a annual expected losses

hazard. vulnerability map. to buildings and
contents of buildings
for all the investigated
hazards.

Bell and To develop a Local/ Bildudalur, —Debris flow; — Hazards are classified —Vulnerability is —Risk map posed by

Glade 2004b | general NW-Iceland —Rock fall; according to the classified based on the each process is
methodology to —Snow avalanche. probability of spatial hazard and for different calculated representing
analyse natural impact of each process exposed elements (i.e. individual risk, object
risk for multiple dependant on its power lines, roads and risk to life, economic
processes magnitude or hazard. infrastructure, risk;

properties, people, —Multi- risk map

people in buildings). obtained by the
combination of the
single risk maps
(qualitative classes:
very low, low, medium,
high).

ARMONIA | To produce a National and local/ | — Flooding; — Selection of the hazard | — Selection of the —Risk maps for different
general Arno River basin — Earthquakes; indicators (e.g. flood vulnerability indicators hazards and exposed
methodology (Italy); Englandand | _ o oot fires; depth, approximate based on the hazard elements;
that combines Wales — Landslides; flame length, volcanic and for different —Multi-risk map

multiple risks
aggregating
hazards,
exposure and
vulnerability.

— Volcanic eruptions.

explosive index);

— Classification of the
hazard by means of a
correlation matrix
considering the intensity
and the probability of
the hazard.

exposed elements (i.e.
people, buildings, road
networks, agriculture,
environment, other
buildings);

— Computation and
normalization of the
vulnerability by means
of vulnerability
functions or indices;

obtained from the
aggregation of the
single risk maps
(summed and
normalized risk scores).
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Reference Objective Scale of Investigated hazards Multi-hazard aggregation | Vulnerability Outputs
analysis/case study
— Computation of the
consequence indices for
each exposed element.
NaRAs To provide Local/ Casalnuovo —Volcanic; — Identification of — Computation of the — Computation of the
principles for the | municipality —Seismic; hazard/risk sources vulnerability functions investigated risks
multi-risk (Campania, Italy) —Flooding; considering triggering or for each hazard and providing a
assessment to be _Landslide: simultaneous hazards; exposed elements (i.e. quantification of the
applied to case _industri I, — Identification of the man-made structures, human life loss per
studies in which ndustrial. hazard scenarios and infrastructure and year for each hazard
different hazards their probabilistic buildings; cultural obtaining comparable
should be assessment. heritage; life-lines; scores.
compared. humans and animals;
agricultural and forest
areas; and ecosystems).
MATRIX To develop Regional, local —Earthquakes; — Qualitative analysis —Qualitative analysis —Computation of the
methods and —Landslides; questionnaire to questionnaire to investigated risks
tools to tackle —Volcanic eruptions; consider or not a multi- consider or not a providing a
multiple natural —Tsunamis: type assessment dynamic vulnerability; quantification of the
hazards within a —Wildﬁres-, approach, which —Semi-quantitative potential losses for
common ) ! explicitly accounts for analysis to consider each hazard obtaining
framework. —Winter storms;

—Fluvial floods;
—Coastal floods.

cascading hazards;

— Semi-quantitative
analysis of the hazards:
cause-effect matrix;

— Quantitative analysis of
the hazards and their
interactions by means of
event tree; Bayesian
networks; time stepping
Monte Carlo simulation

interactions among the
different vulnerabilities:
cause-effect matrix;

—Quantitative analysis:
fragility curves.

comparable scores.

Table 2.3.1. Multi-risk methodologies analysed considering the investigated hazards, the scale of analysis and the case studies, how multi-hazard and vulnerability are

computed and the final outputs.
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The analysed methodologies will be presented in the next paragraphs considering the following
concepts: application context (objective and scale of analysis), multi-hazard, exposure and
vulnerability, outputs (multi-hazard risk and multi-risk).

2.3.1. Application context
In the application context, the objective, the scale of analysis and the input data used in the different
methodologies are investigated.
In order to provide useful tools for stakeholders and decision makers in the management of risks,
the objectives of the analysed methodologies are focused on the development of a composite
visualisation of the different hazards affecting the same area (Schmidt-Thomée 2006; Frigerio et al.
2012; Kappes et al. 2012a). However, only the ESPON-HAZARD project considers the expert
involvement in the assessment which allows the integration of expert knowledge in its
implementation, while the qualitative level of MATRIX project requires the participation of the end-
users in order to answer to the questions related to the relevance of hazards and vulnerabilities in
the interested area (Komendantova et al. 2014).
Moving to the scale of analysis, most of the reviewed methodologies are focused on the assessment
at the sub-national, regional or local scale and their applications require a huge amount of data that
have to be used for the analysis. Therefore, the methodologies are focused on a specific case study
both for the definition of the problem and for the data availability (Kappes et al., 2012a). Specifically,
for the hazard assessment, data that usually are used for the application are historical information
of previous events (e.g., ESPON-HAZARD project, van Westen et al. 2002, Kappes et al. 2012c;
Marzocchi et al. 2012) and cartographic data of the elements potentially at risk and their
characteristics (e.g. van Westen et al. 2002; Wipulanusat et al. 2009; Marzocchi et al. 2012).
Moreover, the temporal scale is related to the static analysis of present data, while the future
scenarios are not considered.
ARMONIA and MATRIX projects are aimed at the development of a general methodology to be
implemented at the local scale but an application is not yet available (for the ARMONIA project the
application was conducted until the quantification of the single risks). In ESPON-HAZARD project the
multi-risk analysis is performed at the European level providing a classification of the different
regions. Nevertheless, different organizations (e.g. Munich Re, World Bank) provide a global
assessment for the identification of hotspots where natural hazard impacts may be largest.
Finally, it was observed that most of the investigated projects and methodologies presented in Table

2.2.2 and Table 2.3.1 (e.g. Bell and Glade 2004; Frigerio et al. 2012; Marzocchi et al. 2012; NaRAs,
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CLUVA, MATRIX and ARMONIA project) are focused on the multi-risk assessment, providing a
composite visualisation of different risks affecting the same area, as useful tool for spatial risk
management process and disaster management.
Specifically, the methodologies are dealing with problems related to the multi-hazard aggregation
and the identification and quantification of vulnerability providing different approaches and
methods.

2.3.2. Multi-hazard
Most of the analysed methodologies (e.g. Bell and Glade 2004b; Kappes et al. 2012c; Marzocchi et
al. 2012; NaRAs, MATRIX and ARMONIA project) are dealing with the assessment of natural hazards
(e.g. landslides, floods, seismicity), two consider coastal hazards (De Pippo et al. 2008; Mahendra et
al. 2010), and one is focused on natural and technological hazards (ESPON-HAZARD 1.3.1 project).
Specifically, for the multi-hazard assessment most of the methodologies consider hazards as
independent events (e.g. ARMONIA and ESPON-HAZARD project, van Westen et al. 2002; Bell and
Glade 2004b; Wipulanusat et al. 2009). While potential interactions are analysed by means of cause-
effects matrix (De Pippo et al. 2008; Garcia-Aristizabal and Marzocchi 2012c; Kappes et al. 2012c)
that allows a semi-quantitative estimate of the relationships between agents and processes in the
evolution of a system.
Moreover, hazard interactions can be considered from the probabilistic analysis of historical
databases that already take into account triggering and cascade events (e.g. tsunami databases that
already included the possibility of an earthquake triggered tsunami. For details, please refer to
Marzocchi et al. (2012) and in particular to the NaRAs project).
The consideration of interactions among hazards is more demanding than the hazard-by-hazard
approach both for the data requirement and for the time that should be given in the analysis of the
interactions that are not the simple sum of the single hazards that affect the same area (Kappes et
al., 2012a).
Although the methodologies are focused on the development of maps and tools useful for spatial
risk and disaster management, commonly no future hazard scenarios are considered. However,
Mahendra et al. (2010) proposed in their approach the adaptation and spatial planning capacities
for a future scenario of a 50 year sea-level trend. Concerning the methodologies that are focused
only in the multi-hazard assessment they provide a total multi-hazard map and related statistics
(e.g. surface of the affected areas) of the studied region (De Pippo et al. 2008; Mahendra et al.
2010).
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2.3.3. Exposure and vulnerability
The elements potentially at risk are identified in the exposure phase that allows the representation
of different features of the territory. In the present review the exposure refers to the same elements
for all the investigated methodologies: population, socioeconomic and cultural assets,
infrastructure and environment. However the characterization of the vulnerability for the exposed
elements differs among the methodologies.
A generalized agreement on the use of vulnerability functions (fragility curves) has been reached
(e.g., van Westen et al. 2002; Papathoma-Kohle et al. 2011; Kappes et al. 2012b; MATRIX and
ARMONIA project; Marzocchi et al. 2012), which facilitates the application of the multi-risk analysis.
Also the identification of vulnerability indicators through the use of cartographical data (e.g.,
Wipulanusat et al. 2009) is widely used for the characterization of different elements at risk (e.g.
population, land-use). However, keeping in mind the definition of multi-vulnerability proposed in
Table 2.1.1, it emerges that the analysis of the dynamic (i.e. time-dependent) exposure and
vulnerability with the assessment of potential future scenarios is not considered in the reviewed
methodologies. Moreover, the vulnerability derived from hazard interactions (e.g. vulnerability of a
system to both seismicity and volcanism) is commonly not considered in the methodologies. One
exception is the MATRIX project, in which the qualitative step, the semi-quantitative analysis (cause-
effect matrix) and the more detailed quantitative assessment consider both hazard and vulnerability
interactions.
A more accurate and comprehensive approach strongly depends on both the scale of the study and
the availability of information (for both hazard and vulnerability assessments).

2.3.4. Multi-hazard risk and multi-risk outputs
Multi-hazard risk and multi-risk methodologies require the aggregation of hazard, exposure and
vulnerability (Table 2.2.1) in order to provide outputs (e.g. maps, web-based applications, statistics
and indices) that can be easily consulted and used by different end-users. Accordingly, the
investigated methodologies consider qualitative, semi-quantitative or quantitative approaches for
the aggregation of the intermediate steps (i.e. multi-hazard, exposure and vulnerability).
Specifically, the multi-hazard risk methodologies perform a qualitative aggregation of hazards and
vulnerability by means of questionnaires (Greiving 2006; Greiving et al. 2006; Olfert et al. 2006;
Schmidt-Thomé 2006) or a semi-quantitative assessment assigning scores and weights to the
identified classes (Wipulanusat et al. 2009). However, the results allow a classification of the multi-

hazard risk in qualitative terms (e.g. low, medium, high).
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With respect to the multi-risk methodologies, the approaches are more focused on the quantitative
assessment of the multi-risk, allowing a more detailed analysis of hazard and vulnerability
correlations. In the MATRIX project (Farrokh and Zhonggiang 2013), three different methods are
suggested for the description and quantification of the interactions: event tree, Bayesian networks
and time stepping Monte Carlo simulations.

Moreover, the single risks within a multi-risk assessment are computed using a common unit of
measure (e.g. loss of lives, economic losses, 0-1 normalization) (e.g., van Westen et al. 2002;
Marzocchi et al. 2012; MATRIX project). This allows a direct comparison and aggregation among
different kind of risks.

The final results, for both approaches multi-hazard risk and multi-risk highlights areas affected by
different classes of the total risk (e.g., Bell and Glade 2004b; Wipulanusat et al. 2009) providing a
classification of the different areas more affected than other to the investigated hazards. The
spatial-oriented maps can be used by different end-users to know specific information in the form

of quantifiable risk metrics for the implementation of adaptation measures and planning.

2.4. Climate change multi-risk assessment: consequences and challenges

Considering the most important past projects and methodologies on multi-risk assessment
presented in Section 2.2 and 2.3, it emerges that most of the initiatives on multi-risk have developed
methodological approaches for the assessment of natural and technological hazards and respective
consequences with a varying degree of detail. However, climate change is going to pose a variety of
impacts caused by extreme natural events on natural and human systems worldwide (EC 2012). This
emerging issue highlights the need to include the analysis of climate change impacts on the planning
of adaptation and land-use management measures that would be comprehensive of the interactions
among different climate-related hazards (EC 2010; Marzocchi et al. 2012).

In this context, a major challenge for climate impact research is to develop new methods and tools
for the aggregation of cumulative effects expected from multiple climate impacts across different
regions and sectors. This perspective necessarily leads to a variety of issues that should be taken
into account (e.g. scale of analysis, methods of aggregation), in particular in the context of multi-
hazard, multi-hazard risk and multi-risk analysis. Therefore, the next paragraphs are aiming to
present the main consequences and challenges dealing with the multi-risk assessment for climate

change impacts. Moreover, Table 2.4.1 provides a summary of the review results.
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Climate change related issued and challenges within multi-risk assessment

Application | —|dentify the objective of the analysis;
context — Define the time frame;
— Distinguish the scale of analysis;
— Detect the most appropriate resolution;
— Review the available data sources for multi-hazards and associated risks;
— Define the approach to be used (multi-hazard, multi-hazard risk, multi-risk);
— Consider the involved uncertainties of input information.
Multi-hazard | — |mprove climate models and analysis;
— Define the temporal window to be considered;
— Assess cumulative effects of hazards;
— Consider cascade and triggering effects in different scenarios;
— Provide climate change scenarios with an associated probability and uncertainty;
— Differentiate between short-term triggers and long-term changes.
Exposure — Identify the elements potentially at risk (e.g. population, agriculture, infrastructure, buildings);
— Consider the spatiotemporal dimensions for each element at risk (e.g. night-/daytime
population);
— Provide an ecosystem approach in order to integrated different sectors and their
interrelationships;
— Provide future scenarios of the elements potentially at risk.
Vulnerability | — |dentify vulnerability factors for the characterization of the exposure;
— Calculate vulnerability functions for each element at risk and the corresponding hazards;
— Consider herein also a changing resilience towards a given impact may increase or decrease;
— Provide future scenarios of the vulnerability factors that should be considered to be dynamic
(e.g. vegetation cover, population density);
— Provide a coupling model land-use/climate model;
— Provide a common scale of comparison for a suitable aggregation of the vulnerability factors.
Multi-risk — Identify a common scale of comparison;
— Consider the different data requirements for the variety of processes and elements at risk;
— Identify the most suitable aggregation method: qualitative, semi-quantitative and quantitative
approach;
Facing the — |dentify the final users;
challenges — Increase the awareness of the stakeholders;

— Involve stakeholders and final users at an early stage in the multi-risk process;

— Managing the huge amount of data with different, hazard and elements at risk dependent units
of measurements;

— Aggregate these different unit of measurements;

— Communicate the uncertainty of the assessment due to the uncertainty associated to climate
models and to the error propagation;

— Explain openly the assumptions and limitations of each assessment in order to avoid
misjudgement;

— Provide an easy-visualization of the outputs in a climate service perspective for management
purposes.

Table 2.4.1. Climate change related issued and challenges within multi-risk assessment.
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2.4.1. Application context
The first step towards the development of a multi-risk assessment methodology for climate change
impacts is the identification of the application context. After the specification of the objectives, this
phase requires the choice of the scale of analysis and the problems to be tackled.
The preliminary decision is related to the main objective of the study that could be focused on a
scientific analysis of multi-risk, or could be related to the provision of useful results (e.g. maps,
statistics, graphs) for different stakeholders and sectors of society (e.g. policymakers, planners,
citizens).
The identification of the scale of analysis depends on the objective to achieve but also on the target
area that should be analysed (e.g. an administrative unit, a country, a region).
Dealing with the timeframe a climate change perspective requires a strong effort in term of climate
models to be used and exposure and vulnerability indicators that should provide information for
future scenarios (e.g. 2050, 2100). Moreover, the timeframe will reflect the identification of the
hazards that should be investigated in the multi-hazard phase, the time lag of any cascading effects
and the evolution of vulnerability factors to be assessed in the vulnerability phase in order to
estimate a reliable multi-hazard risk and multi-risk scenario.
Therefore, the first major decision is related to the definition of the focus of the analysis: multi-
hazard, multi-hazard risk or multi-risk. In a multi-hazard perspective, the major effort will concern
climate models and their outputs (e.g. wind fields, precipitation intensities and distributions,
drought) but no information related to exposure and vulnerability will be provided. The multi-hazard
risk will consider multi-hazard scenarios to be integrated with an overall analysis of exposure and
vulnerability of the elements at risk in the analysed territory. The most complex approach is the
multi-risk assessment where it is possible to analyse the risk arising from different elements at risk
- in the same geographical area - evaluating their vulnerability to different typologies of hazards.
The selection of the approach to be used depends not only on the research objective, but is also a
guestion of data availability and scale of analysis. The most complex and comprehensive framework
should consider the multi-risk assessment (i.e. multi-hazard, multi-vulnerability and their
interactions, Table 2.1.1) to be applied at different scale of analysis (i.e. from the global to the local
scale).

2.4.2. Multi-hazard
The first step of an analysis is related to the assessment of multi-hazards related to climate change.

This requires the improvement of climate models and their analysis in order to identify the
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possibility to assess cumulative effects of hazards (happening with or without temporal
consequences) and to consider triggering and cascading effects as explicitly defined in Table 2.1.1.
Current climate models do commonly not provide an analysis of the hazard interactions, while they
support the hazard by hazard assessment allowing a single-risk assessment of the investigated area.
Climate models should be improved in their inputs and outputs considering the need to analyse the
effects of different climate-related hazards that are caused by the same stressors, and to define the
cascade effect starting from a specific hazard (e.g. flooding) that causes secondary hazards (e.g.
landslides caused by fluvial undercutting of the slope toe). Moreover, different scenarios should be
provided in order to analyse all the potential triggers and hazard cascades, as effectively there is no
detailed knowledge about the sequence of the hazards in the future. If at all, these future hazards
can only be approximated.
In order to provide a probabilistic assessment of the hazards the availability of future climate change
scenarios with an associated probability and uncertainty is essential. Effectively, global and regional
climate models are not useful for a detailed analysis, providing low resolution outputs that are not
relevant for planners to study climate change impacts locally (UKCIP 2003; Maraun et al., 2010
Ramieri et al. 2011). Therefore, a strong effort should be done for the improvement of climate
models or statistical methods (e.g. downscaling) in order to provide high resolution outputs that
might be used for a multi-hazard assessment at a national, regional or local scale.
The initial selection of the time frame poses an additional effort in the multi-hazard phase, asking
for the identification of short-term triggers (e.g. extreme events) or long-term changes (e.g. sea-
level rise) and if their relations can be investigated.

2.4.3. Exposure and vulnerability
Moving to exposure and vulnerability of given elements at risk, a multi-risk methodology requires a
multidimensional and integrated approach (Table 2.1.1) in which different exposed elements (e.g.
population, agriculture, infrastructure, buildings) and their vulnerability towards a given hazard
intensity should be considered. After the selection of the potentially exposed elements at risk, this
phase poses an additional challenge in a multi-risk setting as it requires, in addition to the changing
hazards, the need to provide future scenarios of elements at risk including their exposure and
vulnerability, identifying vulnerability factors that can be considered static (e.g. slope, height) or
dynamic (e.g. factors related to land-use and population) in the future. Moreover, IPCC (2012)
describes vulnerability as a result of different conditions and processes that should be taken into

account in the identification of vulnerability factors, from social and cultural (also addressing
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adaptive and coping capacity) to environmental and biophysical (e.g. geomorphology, vegetation
cover) ones. The inclusion of adaptive and coping capacity can be used to prepare for and undertake
actions to reduce adverse impacts, moderate harm, or exploit beneficial opportunities (Mojtahed
et al. 2012). However, the scope of this work is strictly focused on the environmental and biophysical
characteristics of vulnerability that allow the assessment of those aspects that are not explicitly
related to the future development of society and economy.
Most of the work, until now, was focused on the static assessment of exposure and vulnerability
(e.g., Papathoma-Kohle et al. 2011; Kappes et al. 2012b). However, the information provided by
coupled land-use/climate models (Santini and Valentini 2011) can be integrated in the multi-risk
process in order to evaluate future scenarios of exposure and vulnerability.

2.4.4. Multi-risk
The multi-risk approach refers to a complex combination of hazards, exposures and vulnerability of
elements at risk and consequent risks that should also be analysed in a climate change perspective
taking into account interrelations and interconnections under consideration of the different unit of
measures. Therefore the aggregation poses the challenge to define common scales of comparison
(e.g. normalized indicators, Torresan et al. 2012).
At the international level risk is considered as the product of hazard, vulnerability and exposure
(IPCC 2012). This leads to the questions about the aggregation of the risk that could be developed
considering qualitative, semi-quantitative or quantitative approaches for addressing climate change
driven multi-risks. A valuable quantitative approach is the assessment of risks by means of Multi-
Criteria Decision Analysis (MCDA) functions that allow the estimate of the relative risks in the
considered region, the comparison of different impacts and stressors and the ranking of targets and
exposure units at risk (Giove et al. 2009; Torresan et al. 2011). Moreover, the MCDA allows the
involvement of the end users in the aggregation phase. This approach has the advantage to be
transparent in the construction of results and to aggregate different end users’ considerations.
Nevertheless, it imposes a subjective assessment of the multi-risk and the problem of the
integration of different expertise (e.g. technical features, decision-making aspects) in the analysis
(Giove et al. 2009).

2.4.5. Facing the challenges
The most important challenge for the application of the aforementioned steps (i.e. application
context, multi-hazard, exposure and vulnerability of elements at risk, multi-hazard risk and multi-

risk) is to provide a useful and applicable result that could be adopted for the development of
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adaptation measures, for instance in a spatial planning context. The successful implementation of a
comprehensive climate change multi-risk assessment into management strategies should require
the identification of the final users and stakeholders (e.g. researches, public local administrations,
national institutions) and their awareness in order to produce an effective need of multi-risk
information. Therefore, the early involvement of stakeholders in the process could help the
identification of their needs and the adequate communication of the results (Greiving and Glade
2013). However, dealing with the multi-risk implies different issues related to the amount of data
that should be used, the probabilities, uncertainty and error propagation (Kappes et al, 2012a).
Specifically, the multi-risk assessment requires a huge amount of data to be collected, analysed and
aggregated in order to provide a rigorous multi-risk information. All this information characterized
by different units of measurement should be therefore used in order to provide a dimensional multi-
risk index. Moreover, the identification and communication of the information related to the
probability, uncertainty and error propagation should be well communicated to stakeholders and
end-users as a range of possibilities of what the future could be (IPCC 2012). The appropriate
communication of what is certain and what is uncertain is crucial when the results have to be used
by different stakeholders and end users. Commonly stakeholders are adverse to uncertainty and to
take action in response to this kind of information (Morton et al. 2011). However, the scientific
approach requires the analysis and the clarification of these aspects in a way that can be easily
understood by a non-scientific community in order to avoid any decision based on misjudged
information.

In order to provide climate services useful for the development of adaptation measures to different
stakeholders and end-users, an easy visualisation of the synthetic index of multi-risk is needed. The
climate services should be related to targeted information about multi-hazard, exposure and
vulnerability, in a specific time horizon and will include high quality information about multi-risk.
Specifically, there is the need to understand how to aggregate and map the multi-risk results in a
usable, comprehensive and easy way to stakeholders and no expert users for assessment and
management purposes (e.g. aggregated multi-risk index, different colours and symbols for different

risks as presented by Frigerio et al. 2012, to name one example only).

2.5. Remarks from the literature review
This Section presents a selection of important initiatives published in the international literature

dealing with multi-hazard, multi-hazard risk and multi-risk assessment.
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The lack of a precise terminology was discussed and as a solution, common definitions in the multi-
risk context were provided as a starting basis for this analysis. Moreover, three main approaches
were identified in the literature: multi-hazard, multi-hazard risk and multi-risk. At the international
level there are different projects addressing these approaches (e.g. HAZUS, RiskScape, CAPRA). The
respective institutions maintaining these projects provide services and tools for global, national and
local applications, however none of them are related to climate change aspects. The literature
review allows the identification of different methodologies dealing with multi-hazard, multi-hazard
risk and multi-risk that were analysed considering the application context, how multi-hazard,
exposure and vulnerability of elements at risk, the multi-hazard risk and multi-risk results were
implemented in the analysed works.

It can be concluded that most of the methodologies assessed risks related to natural hazards (e.g.
floods, landslides, avalanches), focussing their efforts on the multi-hazard assessment and on the
static vulnerability (i.e. neither changes in time nor in space).

The lack of methodologies focused on climate-related hazards highlights that the multi-risk
approach should be taken into account in this emerging field considering its increasing relevance on
the consequences that could affect both natural and anthropogenic systems (IPCC 2012).

In this context, the paper was also aimed to present an overview of challenges and consequences
of the multi-risk assessment in a climate change perspective. The challenging perspective for impact
assessors is therefore to make a quantitative synthesis of information about multiple-climate
impacts at different spatial and temporal scales including consistent estimates of uncertainties,
taking into account the special view of spatial planning on hazards and risks.

In order to achieve this objective, strong cross-sectoral interactions and collaborations with
different experts should be developed to take advantage from the information of the consolidated
research on climate scenarios and sector by sector analysis (e.g. agriculture, economy, natural
hazards such as landslides, wind or coastal erosion, social science).

However, in order to include all the aspects dealing with climate change, a major effort should be

addressed in the light of the socio-economic development and the anthropogenic influence.
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SECTION B: METHODOLOGICAL DEVELOPMENT

3. Multi-risk methodology for the assessment of natural and climate-related impacts

The main aim of the multi-risk methodology is to estimate cumulative impacts related to natural

hazards and climate change in order to provide a rapid assessment method to scan areas and targets

at risk from different hazards and to advance current management approaches to risk reduction and
climate change adaptation.

Specifically, the multi-risk methodology pursues the following key objectives:

— to identify suitable risk and vulnerability indicators for the assessment of multiple natural and
climate-related impacts;

— to provide a semi-quantitative multi-risk assessment for the relative ranking of areas and targets
affected by multiple risks related to natural hazards and climate change by means of Multi-
Criteria Decision Analysis;

— to provide a quick assessment tool to scan multiple threats in the considered region and to assist
local communities and stakeholder (e.g. water, soil, coastal management authorities) in the
definition of adaptation strategies.

According to Table 2.1.1, risk is considered as the potential adverse consequences for natural and

human systems resulting from the interactions of climate-related hazards with vulnerabilities of the

exposed systems (i.e. elements at risk) (IPCC 2012, 2014). Moreover, going beyond the traditional
hazard by hazard approach proposed by the climate change adaptation community, the risk
framework proposed in this work adopts a multi-risk perspective, considering that different hazards
can potentially affect a variety of receptors (i.e. elements at risk) in the analysed case study area.
Figure 3.1 summarises the four main steps of the multi-risk methodology: multi-hazards, exposure,

multi-vulnerability and multi-risk assessment.
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Hazard Hazard Hazard Elementat risk Elementat risk
scenario scenario scenario (receptor) (receptor)
] ]

Vulnerability factors

1. MULTI-HAZARD 3. MULTI-VULNERABILITY

’ 2. EXPOSURE ASSESSMENT

ASSESSMENT ASSESSMENT
/ Multi-hazard map / / Exposure map / / Multi-vulnerability /
map
Legend:
4. MULTI-RISK
Input ASSESSMENT
- Methodological steps
- Output / Multi-risk relative /
map

Figure 3.1. The multi-risk framework.

Each step requires the management of a huge amount of heterogeneous input data with different
units of measures (e.g. output coming from climate and hydrodynamic models to characterize
hazard scenarios, spatial data of land-use for the identification of the receptors and their
vulnerabilities) that are normalized and aggregated through Multi-Criteria Decision Analysis (MCDA)
in order to provide spatial information useful for the public authorities responsible for the
protection of environment and human health (Figure 3.1).

The main steps, the input data and their results will be illustrated in the next paragraphs, while the
application to the North Adriatic case study will be presented in Section C (Application to the case

study area).

3.1. Multi-hazard assessment
The first step towards the application of the multi-risk methodology is the multi-hazard assessment
that is aimed at providing a multi-hazard scenario considering the potential influences among
different single hazard scenarios and, if available, their probabilities of occurrence in the timeframe
of analysis.
Therefore, the multi-hazard assessment is performed through the following procedure:
1) Selection of the hazards and timeframe to be considered;
2) Assessment of hazard interactions;
3) Analysis of hazard probabilities;

4) Aggregation and normalization of the multi-hazard score.
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Single hazard scenarios to be considered could be created based on the outputs of climate models
(e.g. temperature or precipitation projections) and physical impact models (e.g. sea-level rise,
currents velocity, bottom stress) (Torresan et al. 2014), or by reviewing single-hazard scenarios
available from previous projects in the considered region. These maps are useful for the visualization
of a physical event or trend (e.g. sea-level rise, coastal erosion, flood) that may cause losses or
damages for people, properties, infrastructure, ecosystems and environmental resources (IPCC
2014). Moreover, the future timeframe of analysis (e.g. 2050-2100) should be identified based on
the objectives of the analysis and the available data for the case study.

Once the single hazard scenarios have been created or selected, the multi-hazard assessment
requires the semi-quantitative analysis of the relationships among the analysed hazards (e.g. how a
hazard could be negatively affected by another operating in the same area and in the same temporal

window) by means of the hazard influence matrix as presented in Table 3.1.1.

h1 Wiz | w3

Wy, 1 h; W23

ws1 | w32 | hs
Table 3.1.1. Example of hazard influence matrix. Hazard scores are placed in the grey cells. Weights used to

measure hazard interactions (e.g. influence of sea-level rise (h:) on coastal erosion (h;)) are placed in the

white cells.

The hazard influence matrix is aimed at providing the weights representing how much the different
hazards influence each other (i.e. the synergies among the hazards) and can be read in a clockwise
scheme of interaction (e.g. h; influences h, with a magnitude represented by wi > and h; influences
h; with a magnitude of wy 1).

For the assignation of weights, experts should be consulted in order to fulfil the white cells of Table

3.1.1 following the linguistic evaluation reported in Table 3.1.2.
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Linguistic Evaluation

Scores

vulnerability)

Most important class/weight 1
Weakly less important class/weight 0.8
Rather less important class/weight 0.6
Strongly less important class/weight 0.4
Demonstratively less important class/weight | 0.2
Absolutely not important class/weight (i.e.no | 0

Table 3.1.2. Linguistic evaluation supporting the expert in the assignation of relative scores and weights

(adapted from Pasini et al. 2012).

Function 1 of Table 3.1.3 allows the calculation of the weighted single hazard scores considering the

hazard influence matrix (Table 3.1.1) that should be aggregated in order to obtain a cumulative

multi-hazard weighted score (Function 2, Table 3.1.3).
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Function

Description

Z?:l,j#iwj.i'a(hj)]
Z?:l,j:tia(hj)

h; = hazard score associated to the i hazard

weighted according to the influence of other hazards

in the investigated cell. The score ranges in [0,2];

h; = hazard score associated to the i hazard for the

investigated cell;

h; = hazard score associated to the j® hazard for the

investigated cell;

w;; = weight assigned to the influence of h; to h;

using the hazard influence matrix (Table 3.1.1);

5(hj) = “not empty function” which assumes the

value equal to 1 when the hazard j is present in the

investigated cell and O otherwise;

n = number of hazards in the system.

1) R =h;-[1+

Function 1 is aimed at calculating the weighted score of
each hazard affecting the investigated cell considering
all the interactions with other hazards.

If in the investigated cell a hazard (e.g. Hi) is not
influenced by another, it will maintain its score (i.e. the
score that it has on the analysed cell, h,).

Otherwise the score of h; is multiplied by 1+
S jiWyiB(hj)
0 j=i0(hy)
the hazards affecting the investigated cell. The synergic
influence is increased by 1 in order to better visualise
the increasing score of the considered it hazard due to

the hazard interactions.

If there are no hazard relationships, synergic influence
will turn to the indeterminate form of 0/0 which for
simplification is assumed as 0.

representing synergic influence of all

) = 2t
2n

h = multi-hazard score associated to the investigated
cell weighed and normalized in [0,1];
hi, .., h;, = single hazard scores associated the
investigated cell weighted according to the hazard
influences (calculated by Function 1);
n = number of the investigated hazards in the case
study.

The final result of Function 2 allows the normalization
of the multi-hazard score in [0,1], considering that if in
a cell a single hazard is located with a score of 1 (i.e. the
maximum hazard score) with no other influencing
hazards, than the multi-hazard score of that cell will be
lower than the initial single hazard score h; calculated
with Function 1.

B) p =P (H) =Py_;(H) +p(hy) — Py_(H) -
p(hy)

p = probability of the n hazards affecting the
investigated cell in the same timeframe ranging in
[0,1];
PV = disjunctive probability function;
H = vector of hazard scenarios for the investigated
cell;
n = number of the investigated hazards in the case
study.

If the investigated cell is interested by a single hazard
(e.g. Hi1) only the probability of the hazard should be
considered (e.g. p(hy)).

If the investigated cell is interested by 2 or more
hazards (e.g. Hi, Hz), the disjoint probability of the
hazards affecting the cell should be considered.
Function 3 allows providing a probability to each cell
considering that the hazards affecting the cell could
happen individually (i.e. probability of the single
hazard: for instance, it happens h; or h,) or
simultaneously (e.g. hyhappens together with h,).

Table 3.1.3. Multi-hazard functions and their description applied in the multi-hazard assessment.

Then, the expert should define the probabilities of single hazards happening in the same timeframe
(not necessary simultaneously), based on the available hazard data. Probabilities can be derived
from numerical modelling or from the analysis of past events happened with the intensity of
concern: the more are the events, the higher is the probability of the related hazard. If the return
period is provided, its invers should be considered as the probability of the hazard event. However,
if no probabilities can be defined for each hazard, a probability score equal to 1 should be assigned,
assuming the investigated hazard as certain event in the timeframe, as a conservative estimate.

Accordingly, the disjoint probability function (Function 3, Table 3.1.3) should be applied to each cell

considering the probabilities of all hazards (hazards not present in the cell have 0 probability) and
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obtaining a total multi-hazard probability value p. The higher is the number of the hazards affecting
the cell, the higher is the total probability.
The last step of the multi-hazard assessment is aimed at the aggregation of the weighted scores and
the probabilities related to the investigated hazards. Therefore, the final score in a specific cell is
comprehensive of the multi-hazard weighted score (h) and the probability of occurrence of the
hazards affecting the cell. The result of Equation 1 ranges in [0,1].
The final multi-hazard score is provided applying the following equation:

h? =h-p Equation 1
Where:
hP = multi-hazard score with the associated probability;
h = multi-hazard score associated to the investigated cell weighed and normalized in [0,1]
according to Function 2;
p = probability in the investigated cell according to the disjunctive probability function (Function

3).

The multi-hazard assessment phase provides a relative multi-hazard map for the whole case study
area representing the spatial distribution of areas potentially exposed to multiple hazard (an
example is provided in Paragraph 5.1.2). The result ranges in [0,1], where 0 means no hazards will
affect the cell, 1 represents the cells where the number, weights, intensities and probabilities of

hazards are the higher for the case study area.

3.2. Exposure assessment
The main aim of the exposure assessment is to identify the elements at risk (i.e. receptors) of
interest for the multi-risk assessment considering their presence and their spatial localization using
land-use maps or models. Specifically, this step allows the identification of all the receptors (i.e. r1,
r2, rs,..., 'n) that can be affected by the analysed hazards and the union of their geographic areas.

The exposure score is therefore evaluated as follows:

_ {O if no receptor is present in the investigated cell Equation 2
1 else
Where:

e = exposure score related to the union of the geographical area of the investigated receptors.
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Equation 2 provides a value of 0 in the cell where no receptors are located, and 1 where there is the
presence of one or more receptors.

Moreover, a useful analysis could be developed considering the identification of the potential
overlapping of receptors in each cell. This analysis highlights areas where more than one receptor
are located and therefore more socio-ecological values should be preserved.

The result of this step is a map showing the localization and the geographic extent of all the

investigated receptors.

3.3. Multi-vulnerability assessment
The main aim of this step is to provide a physical and environmental assessment of the multiple
vulnerabilities of the case study area. It considers the presence of different receptors and of their
predisposition to be adversely affected by multiple natural and climate-related hazards in the
territory of the analysis (IPCC 2014).
The multi-vulnerability score is determined by the selection and aggregation of vulnerability factors
(vf) that should be identified considering the couple hazard/receptor in order to identify all the
physical and environmental characteristics representing the sensitivity of the receptor to the
different investigated hazards.
According to Torresan et al. (2012), this step is carried out through the development of a
vulnerability matrix in which the main row is an inventory of the main potential natural and climate-
related hazards affecting the analysed area (defined in the multi-hazard assessment) and the main
column lists the investigated receptors (defined in the exposure assessment). The white cells (in the
intersection between a hazard and a receptor) should represent the identified vf (e.g. slope,
vegetation cover, wetland extension, % of urbanization). An applied example of a vulnerability
matrix for the case study of the North Adriatic coastal area will be presented in Paragraph 5.3.
The aggregation of the vf should be provided for each cell of the analysed case study. Specifically, if
a cell is characterized by one receptor (e.g. r1) that is affected by one hazard (e.g. H1) the biophysical
and environmental vulnerability factors that should be aggregated are listed in the vulnerability
matrix in the intersection between Hi and ri. While, if a cell is characterized by two or more
receptors and two or more hazards, the aggregation should consider all the vf identified for those

receptors and hazards taken only once.
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Moreover, individual vulnerability factors can be weighted to represent their relative importance in
the estimation of multi-vulnerability associated with the investigated natural and climate-related
impacts.

The assignation of scores and weights can follow the linguistic evaluations reported in Table 3.1.2.
Given a bidimensional matrix Wy, ,,» which contains the weights related to the importance of a
vulnerability factor vf in respect to the hazard (h), the final weight for a vulnerability factor vf,
possibly part of several receptors and affected by several hazards, should be defined as the
maximum of the weights preventively evaluated.

The aggregation of the vulnerability factors is then performed by applying the “probabilistic or”
function (Kalbfleisch J. G. 1985), defined as follows:

vf = Quw, (VW) Equation 3

Where:

vf = physical and environmental multi-vulnerability score of the investigated cell to the investigated
impact(s);

® = “probabilistic or” function (Kalbfleisch J. G. 1985);

VW, = set of physical and vulnerability factors weighted by the corresponding w¢ .. They are related
to all impact(s) and receptors present in the investigated cell ¢, ie. VW, = {vfc .
Wyr |V fc is a vulnerability factor present in cell c}.

Applying the “probabilistic or” function (Equation 3), if just a vulnerability factor (vf) assumes the
maximum value (i.e. 1) then the multi-vulnerability score will be 1. On the other side, many vf with
low scores contribute in increasing the final multi-vulnerability score: the more is the number of low
vulnerability factor scores, the greater is the final multi-vulnerability.

The result of the multi-vulnerability assessment is a map for the whole case study highlighting the
areas more vulnerable to multiple natural and climate-related hazards according to the intrinsic

characteristics of the investigated territory.

3.4. Multi-risk assessment
The main aim of the multi-risk assessment is to provide a relative evaluation of the cumulative risk
in the investigated case study area taking into account correlation and probabilities of the analysed
hazards, the presence and localization of the receptors of interest and vulnerability to the different

hazards.
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According to IPCC (2014), the aggregation of hazard, exposure and vulnerability scores allows the
evaluation of the multi-risk in the case study, as showed in Equation 4:

r=~hP-e-vf Equation 8
Where:

r = multi-risk score;

hP = multi-hazard score with the associated probability, according to Equation 1;

e = exposure score related to the union of the geographical area of the investigated receptors,
according to Equation 2;

vf = physical and environmental multi-vulnerability score of the investigated cell to the
investigated impact(s), according to Equation 3.

The result is a multi-risk map for the whole case study which highlights areas more affected by
different natural and climate-related risks considering the different hazards affecting the territory

and the vulnerability arising from the combined hazards.
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C: APPLICATION TO THE CASE STUDY AREA

4, Description and characterization of the case study area
This section introduces the case study area of the North Adriatic coast (Paragraph 4.1) and the
dataset used for the application of the multi-risk methodology including data for the

characterization of hazards, exposure and vulnerability (Paragraph 4.2).

4.1. The North Adriatic coastal area
The North Adriatic coastal area (Figure 4.1.1) represents a unique and fragile ecosystem in which
several socio-economic and environmental locations coexist (e.g. Po river delta, Venice and its

lagoon, Grado and Marano lagoon, the Gulf of Trieste).

Grado and Marano

N, .J\ 3 -~ lagoon
~ Padoya énezia -.
¢ BNV et i

Venice lagoon

North Adriatic

Mediterranen Sea

Figure 4.1.1. Case study area of the North Adriatic coast.

The case study area comprises the area between the national border connecting Italy and Slovenia,
and the mouth of the southern tributary of the Po Delta system (i.e. Po di Goro), reaching an overall
length of about 290 km and encompassing Veneto and Friuli Venezia Giulia regions along the
Adriatic Sea (Torresan et al. 2012).

For its particular position and structure, this case study was affected in the past by different
pressures deriving from natural and anthropogenic sources (e.g. the catastrophic inundation of the

coastal areas in Veneto and Friuli Venezia Giulia in 1966, the pluvial flood event of Mestre in 2007).
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High tides are particularly relevant due to local subsidence phenomena, which increase the
importance of inundations causing severe damages to affected population and economic activities
located in low-lying areas (Pirazzoli 2005; www.comune.venezia.it) and coastal erosion is a
considerable issue from the 17% century and especially after 1960 (Bondesan et al. 1995; Ferretti et
al. 2003). Moreover, the frequency and intensity of inundations (e.g. high tides) and coastal erosion
will increase in the future due to the effects of climate change and sea-level rise
(www.comune.venezia.it; Tomasin and Pirazzoli 2008; Umgiesser et al. 2011).

Several protection measures were developed in the North Adriatic region with the aim to cope with
single hazards (e.g. high tides and coastal erosion processes). The MOSE project
(www.mosevenezia.eu), today about 80% completed, consists of mobile barriers located at the
lagoon’ inlets with the aim to protect Venice and its lagoon from high tides events. Other types of
natural and semi-natural coastal protections (e.g. beach and sandbanks nourishment, dune
restoration, creation of new dunes with the use of natural vegetation) were implemented along the
shoreline to protect it against coastal erosion (Cecconi 1997; Cecconi and Ardone 1998; Caniglia et
al. 1998; CVN 2000; Cecconi and Ardone 2000; Visintini et al. 2000; Regione FVG 2008).

However, sustainable and integrated coastal planning should consider cumulative effects and
impacts that could amplify one another in the coastal development and consider a balance between
the economic development and the preservation of natural systems (UNEP-MAP-RAC/SPA 2010).
A series of single risk assessments were implemented in the case study area (e.g. Bondesan et al.
1998; Gonella et al. 1998; Gambolati and Teatini 2002; Lionello 2008; Torresan et al. 2012; Gallina
et al. 2014; Rizzi 2014; Torresan et al. 2014) in order to provide a first regional screening of the
impacts arising from single climate-related hazards. Specifically, the DESYCO Decision Support
System was applied for the analysis of sea-level rise, storm surge and coastal erosion considered as
single threats in the North Adriatic area in order to provide useful tools for the implementation of
coastal adaptation measures. Sharing the results with local stakeholders, within PEGASO and CLIM-
RUN EU-projects, allowed the identification of an additional need related to a comprehensive multi-
risk index combining the single risk results (Giannini et al. 2012; UNIVE Team 2013).

Differently from recent studies, to my knowledge, this is the first attempt to adopt a multi-risk
approach to study the cumulative impacts of climate change in the North Adriatic coast considering

a multi-disciplinary perspective.
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4.2. North Adriatic dataset for multi-risk assessment

Several data in graphic format or database were requested and retrieved from previous research
projects and from local public authorities (mainly Veneto and Friuli-Venezia Giulia region) in order
to characterize climate related hazards, the elements potentially at risk (i.e. targets) and their
vulnerability.

Single hazard scenarios necessary to apply the multi-hazard approach in the North Adriatic coastal
zone were selected from recent risk assessment studies developed for the North Adriatic coast
(Torresan 2012; Gallina et al. 2014; Rizzi 2014; Torresan et al. 2014). Table 4.2.1 summarizes the
main features of the single-hazard maps retrieved for sea-level rise, storm surge and coastal erosion
hazards. The table shows the emission scenarios used as climate forcing, the model(s)/method to
produce hazard metrics, timeframe or return period considered in the assessment, as well as the

spatial resolution and the reference in which the maps were reported.
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Single hazard map Description Technical features Reference
Maps of inundated | - Emission scenario: A1B SRES; Umgiesser et al.
areas (cm) - Climate-forcing  model:  EBU-POM | 2004; Torresan
according to (spatial resolution 28 km). etal. 2014
projected sea-level | - Impact Model: SHYFEM high resolution

Sea-level rise rise scenarios for ocean and sea circulation model (Spatial
the year 2100 resolution: 2.5 km-50 metres);
(spatial resolution - Reference period: 1960-1990
25m). - Time scenario: 2070-2100;
- Hazard metric: projected sea-level at
2100 (low 17 cm, high 42 cm).
Maps of inundated | - Method: Joint Probability Method (JPM, | Rizzi 2014

Storm surge

areas (cm)
according to
different storm
surge return
periods and sea-
level rise scenarios
(spatial resolution
25 m).

- Spatial

Pugh and Vassie 1979);

- Storm surge return period: 20, 50, 100,

200, 500 years;
resolution: 28 tide gauge

stations;

- Hazard metrics: projected sea-level at

2100 (low 17 cm, high 42 cm, from the
impact model SHYFEM), mean sea-level,
astronomical and meteorological tide
(from the JPM).

Coastal erosion

Maps of seasonal
coastal erosion
hazard for the
thirty year period
2070-2100 (spatial
domain: 1km from
the shoreline,
spatial resolution
25 m).

- Impact model:

- Emission scenario: A1B SRES;
- Climate-forcing model:

COSMO-CLM
Regional Climate Model (spatial
resolution 14 km);

coupled wave-ocean
ROMS-SWAN model (spatial resolution:

5-2 km);

- Reference period: 1960-1990
- Time scenario: 2070-2100;
- Hazard metrics: wave height, bottom

stress.

Carniel et al.
2007; Torresan
et al. 2014

Table 4.2.1. Summary and technical description of single hazard maps selected to test the multi-hazard

approach in the coastal area of the North Adriatic Sea.

The single hazard maps described in Table 4.2.1 were obtained following the Regional Risk
Assessment approach implemented by the DEcision support SYstem for COastal climate change
impact assessment (DESYCO) (Torresan 2012; Torresan et al. 2013; Santoro et al. 2013; Gallina et al.
2014; Rizzi 2014) which allows the integration of the hazard metrics produced by impact models
(e.g. projected sea-level rise scenarios, wave height) with pathway (e.g. elevation of the territory)
and attenuation factors (e.g. artificial protections), in order to evaluate the potential areas affected
by coastal hazards (Appendix I). Specifically, as summarized in the column “technical features”, the
maps were obtain by integrating quantitative information from different types of numerical models
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(including climate, hydrodynamic and statistical models) running at different spatial scales provided
within the CMCC-FISR (2005-2010) and CLIMDAT (2012-2013) projects. More specific information
about the models and the model chain used for the single hazard assessment could be found in
Umgiesser et al. (2004), Carniel et al. (2007) and Torresan et al. (2014).

The sea-level rise hazard maps produced for the North Adriatic area allow the visualization of the
amount of water above each spatial unit (i.e. cell) for the year 2100, considering the topography of
the territory represented by a Digital Elevation Model (DEM) (Torresan 2012). Even if subsidence, is
a relevant phenomenon, especially for the low-lying coastal plains of the Venice lagoon and the Po
River Delta (with values of 1-2 mm/year, Carminati and Martinelli 2002; Carbognin et al. 2009), there
is a lack of homogeneous data to map and detect this phenomenon for the overall coast of Veneto
and Friuli-Venezia Giulia, and consequently it was not possible to include this factor in the analysis.
The storm surge maps provide the spatial representation of the extent of coastal flooding for the
year 2100, combining the potential sea-level rise with mean sea-level, astronomical and
meteorological tides and considering different return periods (e.g. 20, 50, 100, 200, 500), the
topography of the territory and the distance from the coastline (Rizzi 2014).

Finally, the seasonal coastal erosion maps (i.e. spring, summer, autumn, winter) were produced in
order to identify coastal areas that could be exposed to coastal erosion due to two relevant hazard
metrics influenced by climate change (i.e. wave height and bottom stress), the presence of artificial
protections and the distance from the sea in the future scenario 2070-2100 (Gallina et al. 2014).
The information gained from the single hazard assessment and summarized in Table 4.2.1 will be
used for the application of the multi-hazard assessment (Paragraph 5.1.1).

All single hazard maps were produced considering the A1B scenario, representing an intermediate
case compared to the more intense A2 and the weaker B1 storyline families (IPCC 2007). Moreover,
the A1B projections are equally plausibile and comparable with the more recent simulations of the
RCP6 (IPCC 2013), an intermediate forcing pathways between RCP4.5 and RCP8.5. No detailed
projections at the Mediterranean scale are available and the scenario comparison can be conducted
only at the global level, showing similar values of mean global temperature for the CMIP5 ensemble
(IPCC 2013) and the older CMIP3 (IPCC 2007) which range in 1.7-4.4 °C for the A1B and 1.8-3.7 °C
for RCPs (Cattiaux et al. 2013; Knutti and Sedlacek 2013). Also the projected sea-level rise used in
this application (i.e. 42 cm) renders a medium value compared to the SRES scenarios (ranging

between 18 and 52 cm, from IPCC 2007) and to the more recent RCPs (i.e. 26-98 cm from IPCC 2014).
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As far as sea-level rise is concerned, there is a high uncertainty on future projections due both to
the greenhouse gas emissions considered and to the assumptions done about the dynamics of
terrestrial ice melting (Umgiesser et al. 2011). The present application employs sea-level rise
projections produced by a dedicated model chain composed of climate and high-resolution
ocean/sea circulation models for the North Adriatic Sea (Torresan et al. 2014), that allow to properly
evaluate the consequences associated to sea-level rise, storm surge and coastal erosion.

A variety of physical and environmental data are needed to characterise the spatial pattern and
distribution of targets (e.g. beaches, wetlands, agricultural areas) and define appropriate indicators
of multi-vulnerability (e.g. vegetation cover, percentage of urbanisation, presence of protected
areas) to cumulative climate change impacts in the studied area. The available dataset for the
application of the exposure and multi-vulnerability assessment to the case study area of the North

Adriatic coast is summarized in Table 4.2.2.

Dataset Spatial Reference
Domain
Land cover Map (1:10000) VE VE Region, 2009
Monitoring Land  Use/Cover  Dynamics | FVG FVG Region, 2000
(MOLAND) (1:25000)
Digital Elevation Model (DEM) (5 m) VE VE Region, 2007
Digital Elevation Model (DEM) (10 m) FVG FVG Region, 2006a
Natural reserves, Regional Parks, Sites of | VE VE Region, 2005
Community  Importance  (SIC)/  Special | VE VE Region, 2008
Protection Areas (ZPS) (1:150.000) VE VE Region, 2006
FVG FVG Region, 2007
FVG FVG Region, 2008
Soil type, Geologic map (1:100.000) VE VE Region, 2009
Soil type, Geologic map (1:150.000) FVG FVG Region, 2006b
Population and Housing Census VE ISTAT, 2001
FVG ISTAT, 2001

Table 4.2.2. Available dataset for the characterization of exposure and vulnerability in the North Adriatic

coast (VE= Veneto, FVG= Friuli Venezia Giulia).

5. Application of the multi-risk methodology for the assessment of multi-risks related to
climate change impacts in the North Adriatic coastal area

This section presents the sub-sequential implementation of each step of the multi-risk methodology
(Chapter 3), focusing on three climate-related hazards affecting the North Adriatic case study: sea-

level rise, storm surge and coastal erosion.
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5.1. Multi-hazard
5.1.1. Assessment

The single hazard scenarios for the application of the multi-risk methodology for 2070-2100 were
selected considering the available data presented in Paragraph 4.2 using a precautionary approach,
in which the worst scenarios were considered: sea-level rise inundation corresponding to the higher
sea-level rise projection (i.e. 42 cm); storm surge associated to the more intense extreme event with
a return period of 500 years and with the higher sea-level rise projection (i.e. 42 cm); winter coastal
erosion scenario representing the worst season for the coastal erosion stressors (i.e. bottom stress
and wave height).

In this application, a team of environmental experts performed the assignation of the influence

weights that are listed in Table 5.1.1.1.

Sea-level rise 0,8 0,5
0 Storm surge 0,8
0 0 Coastal erosion

Table 5.1.1.1. Hazard influence matrix applied to the North Adriatic case study. In the white cells the

influence weights are listed.

The weights were assigned considering a qualitative evaluation of the hazard relationships starting
from international literature and according to the linguistic evaluations of Table 3.1.2.

Table 5.1.1.1 highlights that sea-level rise is not interested by the influence of storm surge and
coastal erosion (i.e. influence weight equal to 0), as, considering the hydrodynamic model SHYFEM
used for this application (Paragraph 4.2), it is mainly forced by regional climate variables related to
atmospheric pressure and winds (Torresan et al. 2014). Therefore, the investigated hazard
influences concern sea-level rise affecting storm surge and coastal erosion, and storm surge
affecting coastal erosion. Specifically, an influence weight equal to 0.8 was assigned to the influence
of the sea-level rise to storm surge events due to the strong effects that sea-level rise could have on
tidal range and the evolution of storm surges, exacerbating the intensity of flood events (Tebaldi et
al. 2012; IPCC 2012).

Sea-level rise will also affect coastal erosion, however, in literature there are still controversial
studies for what concerns the nature of their relationship (e.g. Tebaldi et al. 2012; Woodroffe and
Murray-Wallace 2012; IPCC 2014). Therefore, an influence weight equal to 0.5 was assigned to the
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relationship between sea-level rise and coastal erosion which provides a certain but intermediate
importance to the synergy that the two investigated hazards have.
Finally, looking at the relation between storm surge and coastal erosion, an influence weight equal
to 0.8 was provided. Effectively, the effects that storm surges will have on coastal erosion are quite
certain: they will increase the probability and the rate of the beach removal (e.g. IPCC 2014).
The assignation of the aforementioned influence weights allowed the implementation of Functions
1 and 2 (Table 3.1.3) to the case study providing a weighted multi-hazard normalized score for each
cell as intermediate result of the multi-hazard assessment.
In this phase, experts were also asked to define the probabilities for each single hazard assigning a
probability equal to 1 to sea-level rise and coastal erosion as it was no possible to reconstruct
probabilities from historical data for these phenomena and not probabilistic information was
provided by numerical models, while for the storm surge extreme event, the inverse of the return
period considered in the assessment (i.e. 1/500= 0.002) was identified as value of probability.
5.1.2. Results
The final result of the multi-hazard assessment is the map represented in Figure 5.1.2.1 in which the
whole case study and some specific zooms are depicted, highlighting that 75% circa of the
investigated territory will be affected by multiple hazards. The multi-hazard map was classified using
the equal interval method allowing the division of the scores into 5 equal sized classes (i.e. very low,

low, medium, high, very high) (Zald et al. 2006).
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Figure 5.1.2.1. Multi-hazard map of the whole case study and three selected areas (a, b, c) in the North

Adriatic coast.

The higher multi-hazard classes are located in the proximity of the coastline where there is an
overlapping of the considered hazards (i.e. sea-level rise, storm surge and coastal erosion). About
66 % of the beach surface will be affected by the higher multi-hazard classes (i.e. by the three
analysed hazards).

Generally, the multi-hazard score decreases going inland following the trend of the single hazard
maps (Annex 1). In Figure 5.1.2.1a the presence of artificial protections attenuate the effect of
coastal erosion, while sea-level rise and storm surge inundation continues inland and decreases with
the distance from the coastline. Figure 5.1.2.1b refers to the northern part of the Venice lagoon in
which the contribution of coastal erosion (close to the Adriatic Sea) and sea-level rise is highlighted.
Also in the fragile area of the Po Delta, the area near the shoreline is affected by multiple hazards

(Figure 5.1.2.1c).
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The case study area will be affected by different hazards for almost 75 % of the territory (i.e. 2.635
km?). Specifically, the 72% will be affected by one or two hazards (i.e. lower multi-hazard scores)

and the 3% (i.e. higher multi-hazard scores) by all the three hazards (Table 5.1.2.1).

Hazards Case study Case study
surface (Km?) | percentage (%)
Sea-level rise 811,77 22,95
Storm surge 454,60 12,86
Coastal erosion 7.69 0.22
Sea-level rise, storm surge 1.207,26 34,14
Coastal erosion, storm surge 65,86 1,86
Coastal erosion, storm surge,
sea-level rise 88,13 2,49
No hazards 901,04 25,48

Table 5.1.2.1. Surface and percentage of the case study area affected by one, two or three hazards. The last

row highlights the surface of the case study not affected by hazards.

This information, together with the spatial geographical localization of the multi-hazard classes,
could help the local Civil protection in achieving a higher level of protection and resilience against
disasters, by considering the likely impacts of climate change and the need for appropriate
adaptation action, as explicitly requested by the European Parliament (EU 2013). The multi-hazard
assessment allows the identification of those coastal areas that could be affected by multiple
hazards. This information can be primarily used for future building regulation in order to avoid the
zoning of residential or commercial/industrial areas in hazard prone areas. After the identification
of single and multi-hazards, a comprehensive assessment of risks should also consider the exposure
of targets and their potential vulnerabilities to the investigated hazards, as described in the next

paragraphs.

5.2. Exposure
5.2.1. Assessment
The exposure assessment required the selection of the elements (i.e. receptors) that could be
potentially affected by multiple risks in the North Adriatic coast. According to the main
characteristics of the territory and the available data (Chapter 4), the following elements at risk
were considered:
— Beaches;

— River mouths;

54



Wetlands;

Protected areas;

Agricultural areas;

Urban areas (including infrastructure);

Natural and semi-natural systems.
5.2.2. Results
The exposure map (Figure 5.2.2.1) allows the spatial visualization of the investigated elements at

risk and their overlapping in the North Adriatic case study.

Marano and Grado
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Figure 5.2.2.1. Exposure map for the multi-risk assessment in the North Adriatic coast.

The most of the case study is characterized by agricultural areas (ca. 70% in light green) which, in
some areas, overlaps with protected areas and river mouths (e.g. the Natural reserve of the Po river
delta) highlighting complex and fragile ecosystems that should be preserved. Moreover, the 11% of
the North Adriatic area is represented by urban areas (e.g. Venice municipality, and around Grado
and Marano lagoon) which could be affected by multiple-risks causing damages to people, economic
activities and the environment. Other small receptors which are relevant at the local level are
analysed (i.e. beaches, natural and semi-natural systems, and wetlands) as they represent important
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features for the North Adriatic coastal area, increasing the socio-ecological and economic

importance of this region.

5.3. Multi-vulnerability
5.3.1. Assessment
According to the multi-risk methodology introduced in Chapter 3, this phase concerns the
development of a vulnerability matrix in which the vulnerability factors introduced in Chapter 4 are
assigned to each couple receptor/hazard.

Table 5.3.1.1 is the resultant multi-vulnerability matrix that was applied to the North Adriatic coast.

Multi-vulnerability matrix

Beaches

River mouths

Wetlands

Protected areas

Natural and semi-
natural systems

Agricultural areas

Urban areas

- Vegetation cover

- Vegetation cover

- Vegetation cover

- Vegetation cover

- Vegetation cover

- Agricultural tipology

- Coastal slope

- Coastal slope

- Coastal slope

- Coastal slope

- Coastal slope

- Coastal slope

- Coastal slope

Storm surge |- Geomorphology

- Wetland extension

- Wetland typology

- Vegetation cover

- Vegetation cover

- Vegetation cover

- Vegetation cover

- Vegetation cover

- Agricultural tipology

- Coastal slope

- Coastal slope

- Coastal slope

- Sediment budget

- Coastal slope

- Coastal slope

- Coastal slope

- % of urbanization

Coastal Erosion |- Geomorphology |- Sediment budget |- Wetland extension |- Sediment budget
- Sediment budget |- Mouth typology
- Dunes

Table 5.3.1.1. Multi-vulnerability matrix applied to the case study of the North Adriatic coast.

Vulnerability factors were identified considering only storm surge and coastal erosion hazards, this
is why a sea-level rise inundation event was assumed to affect all the receptors in the same way,
causing a permanent loss of all submerged receptors, based only on the elevation of the cells.
Therefore, each cell of the territory was considered to have the same vulnerability (i.e. equal to 1)
to sea-level rise.

In order to apply Equation 3, the classification and scoring of vulnerability factors was provided by
the experts involved in the implementation of the methodology also considering previous studies
(Torresan et al. 2012; Gallina et al. 2014; Rizzi 2014) and the opinion from relevant stakeholders
interviewed in several previous workshops in the North Adriatic region (Giannini et al. 2012; UNIVE
Team 2013).

The classification, scoring and the description of the correlations with the vulnerability of the

investigated receptors are listed in Table 5.3.1.2.
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Vulnerability factor Vulnerability class Storm surge C?astal Description of the vulnerability classes
score erosion score
Arable land 1 NA Arable lands (i.e. lands under a rotation system or
. Stable meadow-Pastures 0.6 NA fallow .Iands) are more vulnferable as they are less
Agricultural typology defensive for the affected territory to storm surge than
Permanent crops 0.2 NA other identified classes (French 2001; Torresan et al.
2008; 2012).
Plains: 0°-6° 1 1 Low-lying areas are more vulnerable to flooding
Gentle to moderate slope movements inland and should retreat faster than
Slope (degrees) terrain: 6°-20° 0,6 0,6 steeper regions (Sharples 2006; Pendleton et al. 2010;
Steep slope terrain: >20° 0,2 0,2 Torresan et al. 2008; 2012).
Natural grassland and 1 1 Natural grassland and meadow do not provide enough
meadow cover to the territory increasing its vulnerability to
Vegetation cover Vegetation with shrubbery 0,6 0,6 coastal erosion and storm surge (UNESCO 1998;
Forest 0.2 0,2 Torresan et al. 2008; 2012).
0-8.56 1 1 Small wetlands are considered to have higher
8571712 0,8 0,8 vulnfarability as they could be more sensitive Fo coastal
Wetland extension erosion and storm surge pressures than wider ones
(Km2) 17.13-25.68 0,6 0,6 (Torresan et al. 2008; 2012).
25.69-34.24 0,4 0,4
34.25-42.80 0,2 0,2
Muddy coast 1 1 Muddy and sandy beaches are the most vulnerable
geomorphic themes that could be affected by storm
Geomorphology Sandy coast 06 06 surges and coastal erosion (Sharples 2006; Torresan
Rocky coast 0,2 0,2 2012).
Inland welands (marshes, 1 NA Inland freshwater wetlands can be affected more
peatbogs) severely by the investigated impacts and they are
Wetland typology Coastal wetlands (salt considered more vulnerable (i.e. more sensible to salt
masrhes, salines, intertidal 0,6 NA water), respect to coastal wetlands (Rizzi et al. 2014).
flats)
> 10% of the land occupied Areas in which more than 10% of the land is urbanised
by urban and industrial areas NA 1 are considered more vulnerable to coastal erosion, as
(per municipality) they cannot cope with erosion processes such as urban
5% and 10% of the land areas less urbanised (EU 2004; Torresan et al. 2008;
% of urbanization OFCUpied. by urban and NA 0,6 2012).
industrial areas (per
municipality)
< 5% of the land occupied by
urban and industrial areas NA 0.2
(per municipality)
Coast in erosion NA 1 Retreating coasts are more vulnerable to coastal
. erosion, compared to stable or advancing ones
sediment budget Stable coast NA 06 (Torresan 2008; 2012; Abuodha and Woodroffe 2006).
Advancing coast NA 0.2
The absence of natural dunes can aggravate the
Dunes Absence NA 1 vulnerability to coastal erosion as they cannot protect
the surrounding area from the impact (McLaughlin and
Presence NA 0.2 Cooper 2010; Torresan et al. 2008; 2012)
Estuary NA 1 Estuaries are considered more vulnerable than deltas to
Mouth typology erosion as they are less prone to sedimentation
Delta NA 0,2

processes (Sharples 2006; Torresan 2008; 2012).

Table 5.3.1.2. Vulnerability factors, classes and scores for the receptors analysed in the North Adriatic case

study. NA means Not Applied and concerns the vulnerability classes that are not relevant for the

considered hazards.
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In order define the importance of each vulnerability factor in determining the multi-vulnerability of

coastal areas, weights were assigned to each of them (Table 5.3.1.3).

VULNERABILITY FACTOR [WEIGHT]
Coastal slope (degrees) [0,8

Geomorphology 0,8
Sediment budget 0,8
VVegetation cover 0,6
Dunes 0,6

River mouth typology 0,5
Agricultural typology 0,5

Wetland typology 0,5
Wetland extension (km?) |0,5
% of urbanization 0,4

Table 5.3.1.3. Weights assigned to the vulnerability factors in the North Adriatic case study.

Geomorphology, coastal slope and sediment budget gained the higher weights (i.e. 0.8) in the
present assessment as they represent geo-physical characteristics very important for the
assessment of receptor vulnerability, compared to other vulnerability factors; vegetation cover and
dunes were considered to have medium-high weight (i.e. 0.6); finally, medium and low weights (i.e.
0.5 and 0.4) were assigned to the vulnerability factors most related to ecological characteristics (i.e.
wetland extension, river mouth, agricultural and wetland typology) and to the percentage of
urbanization.
5.3.2. Results

The multi-vulnerability map (Figure 5.3.2.11) provides the spatial assessment of physical and
environmental vulnerabilities of elements at risk (Paragraph 5.2) to the multiple hazards
investigated in the case study (Paragraph 5.1). The multi-vulnerability map was classified using the
equal interval method allowing the division of the scores into 5 equal sized classes (i.e. very low,

low, medium, high, very high) (Zald et al. 2006).
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Figure 5.3.2.1. Multi-vulnerability map of the whole case study three selected areas (a, b c) for the multi-
risk assessment (l); and distribution of the percentage of surface associated with each multi-vulnerability

class for the investigated receptors in the North Adriatic coast (Il).

Figure 5.3.2.1l highlights that generally multi-vulnerability is high or very high in most of the

analysed receptors (Figure 5.3.2.111) due to the plain trend of the case study and the predominant
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presence of arable lands which are responsible of the higher multi-vulnerability score (e.g. between
Caorle and Bibione, Figure 5.3.2.1la, the Venice lagoon, Figure 5.3.2.1lb). Specifically, beaches,
wetlands, protected areas and river mouths show a very high multi-vulnerability score with a surface
percentage ranging from 95% for beaches (13 km? circa) to 52% for river mouths (422 km? circa),
while agricultural areas are subjected to the high multi-vulnerability class for the 54% (Figure
5.3.2.1ll). Also the percentage of urbanization plays an important role in increasing the multi-
vulnerability score where it is higher than 10 % (e.g. the inland of the Venice municipality).
Moreover, urban areas are characterized by the medium multi-vulnerability class for about 43%
(Figure 5.3.2.111) especially due to the slightly high slope of infrastructure; similarly natural and semi-
natural systems are interested by the medium multi-vulnerability class for about 54 % (Figure
5.3.2.1ll) for the presence of shrubberies and forests (i.e. the medium and low classes of
vulnerability for vegetation cover).

The low and very low multi-vulnerability classes are not very represented in the North Adriatic area,
with a percentage ranging from less than 1 % (for protected and urban areas in the very low class)
to 20% circa (urban areas in the low class, e.g. Trieste) due to the steep shape of those areas and
the lower percentage of urbanization.

Comparing the results with the exposure map (Figure 5.2.2.1), it is possible to see that the hotspots
of multi-vulnerability are located in the Po Delta and in the Venice lagoon where there is an overlay
of sensitive receptors, such as protected areas, river mouths and wetlands. Protected areas are
highly vulnerable due to their ecological and biodiversity relevance for different European directives
(e.g. Nature 2000 network, Habitat and Bird Directives) and, especially in the analysed case study,
these areas should be taken in higher consideration in the Territorial Plan of Provincial Coordination.
The multi-vulnerability map is useful for local and regional authorities to identify vulnerable
hotspots where the resilience from multiple hazards (i.e. permanent/temporary inundation and
coastal erosion) should be increased in the future. Examples of adaptation measures aimed at
increasing the resilience (or reducing the vulnerability) of coastal communities and ecosystems to
climate-related impacts are the planting of more robust arboreal communities in areas susceptible
to flooding; the identification of special preservation measures for the protection of small wetlands
highly vulnerable to sea-level rise and erosion; the protection of vegetation useful for the
stabilization of natural dunes. Finally, the multi-vulnerability map can help decision-makers in a first

screening of infrastructure and buildings more susceptible to coastal flooding (e.g. roads and houses
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located in gentle sloping and low-lying areas in the North part of the Venice lagoon) where the

vulnerability can be reduced with improved drainage systems (e.g. water pums).

5.4. Multi-risk

5.4.1. Assessment
The last step of the multi-risk methodology presented in Chapter 3 requires the aggregation of the
model-based information provided by the multi-hazard step (Paragraph 3.1) with the site-specific
exposure and multi- vulnerability assessment (Paragraph 3.2 and 3.3). This step allows a ranking of
coastal areas and targets potentially affected by multiple climate-related risks useful to have an
overall view of the causes and consequences of these complex phenomena in the case study and to
mainstream adaptation planning and risk reduction strategies in coastal zone management.

5.4.2. Results
The multi-risk map (Figure 5.4.2.11) is the final result provided by Equation 4 (Paragraph 4.4) and is
classified using the equal interval method allowing the division of the scores into 5 equal sized

classes (i.e. very low, low, medium, high, very high) (Zald et al. 2006).
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Generally multi-risk scores are lower than the multi-hazard ones as they are multiplied by multi-
vulnerability (i.e. scores ranging in 0-1), however in Figure 5.4.2.11 the same trend of multi-hazard
is visible. Specifically, Figure 5.4.2.1la represents an example of beach (Caorle municipality) that is
the receptor more affected by multiple risks with a surface percentage of 60 % circa in the very high
and high multi-risk classes (Figure 5.4.2.1ll). The inland of Figure 5.4.2.1la and Figure 5.4.2.11b (i.e.
Caorle and Venice lagoon) is mostly interested by the medium multi-risk class which will affect
wetlands and protected areas of the Caorle and Venice lagoons due to medium class of the multi-
hazard. Finally, the Figure 5.4.2.1lc represents the Delta Po which will be affected by the higher
multi-risk classes close to the North Adriatic sea while the multi-risk scores decrease going inland
according to the multi-hazard trend. Moreover, Figure 5.4.2.1ll allows the identification of the
receptors most affected by the different multi-risk classes (i.e. beaches, protected areas, river
mouths and wetlands) and, together with Figure 5.4.2.2, support the identification of intervention
priorities in the affected municipalities of the case study area (e.g. Staranzano, Porto Tolle, Grado,

Cavallino-Treporti, Caorle, Venice).

Percentage (%)

0 2 4 6 8 10
. I - I
Staranzano | | | Wm Receptors
[

Porto Tolle |1 NN Beaches

Grado | }r. & River mouths
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Ariano nel Polesine |53 22
Venice | %
Chioggia

Figure 5.4.2.2. Percentage of surface associated with the very high and high multi-risk classes for the
investigated receptors in the ten coastal municipality most affected by multi-risk in the North Adriatic

coast.

The multi-risk assessment highlights hotspots for future foreshore planning (e.g. priority areas for
beach erosion and sea-level defences) in an Integrated Coastal Zone Management perspective that

should focus on the preservation of beaches and protected areas (including river mouths and
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wetlands) in compliance with the environmental restrictions (e.g. Nature 2000) and the river mouth
navigability ensuring the navigability of fishing ships and pleasure boats (Veneto Region 2012). This
information could help the authorities in charge to implement adaptation measures in planning
future coastal preservation and protection considering multiple climate change impacts in order to
reduce the likelihood that risk reduction efforts targeting one type of impact will increase exposure
and vulnerability to other impacts (IPCC 2012; Veneto Region 2012).

Useful information for coastal management can be obtained also from the statistics presented in
Figure 5.4.2.3 concerning the infrastructure and the citizens that could be affected by multiple risks

in the analysed urban areas of the case study.
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Infrastructure | Population |Infrastructure | Population [ Infrastructure [Population |Infrastructure|[Population | Infrastructure | Population
(km) (citizens) (km) (citizens) (km) (citizens) (km) (citizens) (km) (citizens)
Case study 1.532 247.985 686 154.984 214 15.840 7 1.279 0 60
Venice 124 49.686 77 90.178 7 2.651 1 140 0 0
Chioggia 65 32.170 47 14.383 12 505 0 5 0 0
Jesolo 44 6.074 60 9.591 31 4.861 2 510 0 0
Porto Tolle 80 8.876 36 2.229 12 672 0 2 0 0
Porto Viro 70 11.587 21 128 12 18 0 0 0 0
Eraclea 65 7.457 29 2.523 6 318 0 12 0 1
Cavallino-Treporti 1 121 34 7.213 34 2.294 0 53 0 1
San Dona di Piave 60 8.806 5 744 62 0 0 0 0
Codevigo 41 7.639 16 1.451 119 0 0 0 0
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Considering the urban areas of the North Adriatic coast as key hotspots for the future development
of territorial and emergency plans, the statistics can be useful to identify the length of infrastructure
(km) and the number of citizens at higher risk from multiple climate related hazards.

In almost all the municipalities there are higher percentages of infrastructure and population in the
lower multi-risk classes (i.e. the infrastructure of the whole case study will be affected by very low
multi-risk class for the 63% while population for the 59%). While higher multi-risk classes are located
in highly urbanised municipalities affected by multiple risks (e.g. Jesolo and Caorle in which 500
citizens and 3 km of infrastructure circa will be affected by the higher multi-risk classes respectively).
This information can help regional authorities to identify and rank the municipalities threatened by
higher multi-risk scores and therefore improve the allocation of funds for adaptation and/or
mitigation measures. Moreover, multi-risk map could help to guide future land-use planning and to
investigate if the adaptation measures should focus on reducing the climate-related hazards (e.g.
through the construction of natural and artificial coastal defences), on avoiding exposure (e.g.
retreating the assets from the coastline) or on decreasing vulnerabilities (e.g. increasing the
resilience of the different receptors) to the potential investigated impacts. Even if multiple risks
cannot be eliminated, these actions could help in reducing their effects to the environment, society

and economic activities.

6. Conclusions

The work described a multi-risk methodology for the integrated assessment of natural and climate-
related hazards and risks and its application for the assessment of climate change impacts to the
coastal area of the North Adriatic Sea in Italy.

The strength of the proposed methodology is the Multi-Criteria Decision Analysis (MCDA) procedure
allowing the aggregation of cumulative risks affecting the same area. This aspect represents a step
forward to traditional single risk assessments, providing a common procedure to consider potential
interactions among different hazards (happening on different spatial scales and timeframes) and to
investigate and compare the heterogeneous vulnerabilities (of different receptors to different types
of hazards).

The proposed methodology should be considered as a quick scan tool allowing the semi-quantitative
evaluation of the relationships among different hazards (and vulnerabilities) of the same area. A

more quantitative assessment should consider the intensities of the hazards —and how vulnerability
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changes according to different hazard thresholds - and the joint probabilities of each single hazard
(e.g. using probabilistic models or by means of expert judgement).

The proposed multi-risk methodology is flexible and applicable in a wide range of conditions and
geographical regions, including scarce and abundant data availability. It can be adapted for the
analysis of different natural hazards, climate change impacts and vulnerable sectors.

A more detailed exposure assessment can be reached for assessments at the local scales,
considering linear and point receptors as sensitive risk targets (e.g. schools, hospitals).

The multi-vulnerability assessment, now focused on the physical and environmental dimensions of
vulnerability, can be improved by integrating adaptive and coping capacity indicators (e.g. income
level, education, safety network). Moreover, parameters and algorithms for the economic
assessment should be included in the multi-risk model in order to allow the measurement of
consequences in terms of direct and indirect costs.

Then, a future ambitious improvement should consider an estimate of cascading uncertainties in
space and time of the whole assessment in order to provide robust science-based outputs for
decision-making in a multi-risk perspective.

An important avenue of further research would be to study the practical application of the multi-
risk methodology by decision-makers in different institutions in order to provide an integrated
assessment of the territory. Finally, it is important to underline that the multi-risk methodology
allows a relative ranking of the cumulative investigated impacts and risks and should be applied
every time that improved input information and data (e.g. new models, more accurate site-specific

indicators) are available.
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ANNEX |

Single hazard equations and maps
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Sea-level rise hazard
The objective of the hazard function for the sea-level rise inundation impact (hsrs) is to determine
and rank potential areas inundated by sea-level rise based on the quantity of water staying at the

top of each cell according to the following equation (Torresan 2012):

Rgirs = min (max (M, O) ) 1) Equation 1.1

S1

Where:

hsir,s= single hazard score related to sea-level rise inundation impact in scenario s;

hmyg-s= hazard metric related to the projection of sea-level rise water level according to scenario s

(cm);

pfi= pathway factor related to the elevation of the cell (cm);

s;= threshold given by the decision maker. It represents the amount of water above a cell which
generates the maximum exposure (i.e. 60 cm).

The sea-level rise hazard map used in this application (Paragraph 5.1) is related to the high scenario

s (i.e. 42 cm, Paragraph 4.2) and it is represented in Figure I.1.
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Figure I.1. Single hazard map for the sea-level rise inundation impact with a projected water level of 42 cm

for the North Adriatic coast (Torresan 2012).
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Storm surge hazard

Equation 1.2 is aimed to represent the extent of coastal flooding for the year 2100 combining the
potential sea-level rise with mean sea-level, astronomical and meteorological tides considering
different return periods (i.e. 20, 50, 100, 200, 500) and the distance from the coastline (Rizzi 2014).

0 ifpf,zb

Hssf,s = [ <((hssf'5(1—Af1))—pf2)dl ) ] Equation 1.2
min | max ,0),1 otherwise

S1

Where:

Hisr s= =hazard score for the scenario s;

hssf s=projection of the water height of a storm surge according to a scenario s;

af;= attenuation factor resulting from artificial protections;

pf> = elevation of the cell according to the Digital Elevation Model (DEM);

d, = distance factor related to distance of water penetration;

s, = amount of water above a cell which generates the maximum impact (i.e. 60 cm);

pf3 = distance of the centre of the cell from the sea (always > 1)
The storm surge hazard map used in this application (Paragraph 5.1) is related to the high sea-level

rise scenario (i.e. 42 cm) and the higher return period (i.e. 500 years) as presented in Paragraph 4.2,

and it is represented in Figure |.2.
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Figure 1.2. Single hazard map for the storm surge inundation impact with a projected water level of 42 cm

and a return period of 500 years for the North Adriatic coast (Rizzi 2012).

Coastal erosion hazard
Equation 1.3 is aimed at the relative evaluation of the potential coastal erosion processes due to the
evolution of two relevant hazard metrics influenced by climate change (i.e. wave height and bottom

stress), the presence of artificial protections and the distance from the sea (Gallina et al. 2014).

0 if pfs = s;
hees = Equation I.3
(QL, [Amle;s|) (1 — Atee) - dy  otherwise

Where:

hees= single hazard score related to coastal erosion impact ce in scenario s;

pfs= pathway factor related to the distance of the center of the cell from the sea (always = 1 m);
s,= threshold given by the DM (cm). It represents the distance of the center of a cell from the sea
which represents the Radius of Influence of Coastal Erosion (RICE, i.e. 1 km);

® = “probabilistic or” function (Kalbfleisch J. G. 1985) (see Box 1);

hm’ce1,..ns= hazard metrics from 1 to n related to the coastal erosion impact [already classified and
weighted in (0,1)];

Atce= Attenuation related to the presence of artificial protections from erosion (see Box 2);
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d;= Distance factor related to distance from the shoreline. It is calculated through an hyperbolic

function (see Box 3).

Box 1. “Probabilistic or” function (Kalbfleisch J. G. 1985).

®?:1[fi] =f,Qf,8f; ®f, Equation 1.4
where:

fi=i-th generic factor f

The “probabilistic or” operator can be evaluated as follow, due to the associative and commutative
proprieties:

A®fLh =L+ —-fH =k

FE®fz=FR+fi-Ffz=F

F,®fs =F, + fu — F, fy = QL [f]

The process can be repeated until evaluating all operands.

If just a factor (f) assumes the maximum value (i.e. 1) then the result of the “probabilistic or” will be
1. On the other side, f with low scores contribute in increasing the final “probabilistic or” score: the

more is the number of low factor scores, the greater is the final score.

Box 2. Attenuation function for the Coastal Erosion impact.

At.. = af; Equation I.5

where:
Atc= attenuation determined by the presence of artificial protections;
af:= value of the attenuation factor related to artificial protections, ranging between 0 (i.e. no

attenuation) and 1 (i.e. maximum attenuation).

If the attenuation factor af: assumes its maximum value (i.e.1, presence of artificial protections),
the attenuation function At will be 1, and according to Equation 5, the exposure will assume the
score of zero (i.e. the cell is not impacted by the coastal erosion as the attenuation is maximum).
Otherwise, if the attenuation factor af; is minimum (i.e. 0, absence of artificial protections), the
attenuation function At will be 0 and the hazard function will assume its maximum score according

to Equation I.3.
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Box 3. Distance function.
The proposed distance function (d) assumes an hyperbolic trend according to the following
equation:

d(g,k,b) ! =1 =min(1,i) Equation 1.6

max(l,i> B max(l,‘qu)

where:
g= distance of the center of the cell from the sea (pf3) for the exposure to the coastal erosion (cm);
k= constant that defines the slope of the hyperbolic function;
b= s*t, where:
s=is a threshold given by DM. s,= represents the distance of the center of a cell from the sea
which represents the Radius of Influence of Coastal Erosion (RICE);
t = is a constant used in order to establish where to cut the hyperbolic function. For the

exposure to the coastal erosion t=1.

The coastal erosion map considered in this application (Paragraph 5.1) is the winter season,

according to the available data presented in Paragraph 4.2, and it is represented if Figure |.3.
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Figure 1.2. Single hazard map for the coastal erosion impact in the winter season for the North Adriatic

coast (Gallina et al. 2014).
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