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Abstract. Whilst the last decades have seen a clear shift in emphasis from managing natural hazards to managing risk, the
majority of natural hazard risk research still focuses on single hazards. Internationally, there are calls for more attention for
multi-hazards and multi-risks. Within the European Union (EU), the concepts of multi-hazard and multi-risk assessment and
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management have taken centre stage in recent years. In this perspective paper, we outline several key developments in multi(hazard)-risk research in the last decade, with a particular focus on the EU. We present challenges for multi-(hazard)-risk
management as outlined in several research projects and papers. We then present a research agenda for addressing these
challenges. We argue for an approach that addresses multi-(hazard)-risk management through the lens of sustainability
challenges that cut across sectors, regions, and hazards. In this approach, the starting point is a specific sustainability challenge,
1
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rather than an individual hazard or sector, and trade-offs and synergies are examined across sectors, regions, and hazards. We
argue for in-depth case studies in which various approaches for multi-(hazard)-risk management are co-developed and tested
in practice. Finally, we present a new pan-European research project in which our proposed research agenda will be
implemented, with the goal of enabling stakeholders to develop forward-looking disaster risk management pathways that assess
trade-offs and synergies of various strategies across sectors, hazards, and spatial scales.
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1 From managing disasters to managing risk: a potted history
An enduring story in classical Greek mythology is the battle between the Greek hero Hercules and the river god Achelous.
Hercules defeats Achelous, who has taken the form of a bull, by wrenching off one of his horns. The horn becomes the
Cornucopia, or Horn of Plenty, a symbol of abundance depicted as a large horn overflowing with produce. One of many
interpretations of this myth suggests that Hercules’ victory represents engineering operations, including channels,
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embankments, and dams, by which rivers were tamed from the vagaries of flooding to create a fertile tract of land for cultivation
(Bengal, 1847). Therefore, the story can be interpreted as an early example of humans’ efforts to master the natural
environment. However, classic folklore and mythology also abound with examples of nature punishing humans for their
treatment of the planet. Indeed, the great Roman author, philosopher, and geographer Pliny the Elder wrote in his classic
Naturalis Historia from ~79 AD: “We trace out all the veins of the earth, and yet, living upon it, undermined as it is beneath
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our feet, are astonished that it should occasionally cleave asunder or tremble: as though, forsooth, these signs could be any
other than expressions of the indignation felt by our sacred parent!” Pliny the Elder (cited in Bostock & Riley, 1857). From
the Enlightenment period, the scientific study of natural hazards moved from viewing disasters as punishments by nature or
“acts of God”, towards trying to explain and understand natural cause-effect relationships.
Clearly, then, there is long-standing understanding and philosophical dialogue about the role of humankind in aggravating or
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mitigating the impacts of natural hazards. Since the start of the industrial era, up until the 1970s, the focus of most research
and practice was on managing what were long referred to as natural disasters (Burton, 2005; Peduzzi, 2019). In this worldview,
humans use their know-how to design and implement measures to keep hazards at bay. Take for example Hercules’ victory
from the opening passage of this paper.
As our world becomes ever more populated and human settlements continue to expand at alarming rates, the impacts of natural
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hazards have increased sharply over the last half century (Poljanšek et al., 2017). Indeed, globalisation and the concentration
of population around large cities increases exposure to climate and other natural hazard risks. Moreover, the intensity and/or
frequency of many climate-related hazards is projected to increase in the 21st century (IPCC, 2022). Globally, over the last 20
years natural hazards have caused an estimated 931,000 direct fatalities (excluding heatwave deaths) and over €3.87 trillion
(2021 inflation adjusted) in economic losses over the last 20 years (CATDAT, 2021), and have affected more than 200 million
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people per year on average (CRED, 2021). Since the 1970s, the idea that disasters are also a human construct became (slowly)
accepted (Peduzzi, 2019), and is now well embedded in the literature (Kelman et al., 2016).
2

Accordingly, recent decades have seen a move from managing hazards to managing risks, as documented in several works.
This perspective paper is not the place to review this journey: excellent histories are provided in several scholarly works,
including Zentel and Glade (2013), Tozier de la Poterie and Baudoin (2015), Peduzzi (2019), Aronsson-Storrier (2020). Suffice
75

to say that an important point in this journey was the ratification of the Hyogo Framework for Action 2005-2015 (HFA), an
outcome of the World Conference for Disaster Reduction, held in Kobe in 2005. This followed the International Decade for
Natural Disaster Reduction 1990-2000, and the subsequent creation of the United Nations International Strategy for Disaster
Reduction (UNISDR) in 1999 (which was subsequently renamed United Nations Office for Disaster Risk Reduction, or
UNDRR). The HFA is likely the most significant international document popularising the notion of disaster risk reduction,
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reflecting a stronger focus on risk preparedness and prevention as opposed to the emphasis on response and recovery during
the previous decades. The HFA was also the first international framework describing the detailed processes needed to reduce
disaster risks across different spatial scales and sectors (Tozier de la Poterie and Baudoin, 2015).
The developments outlined above have led to a growing understanding and body of research on disaster risk. The vast majority
of that research has focused on single hazards. Internationally, there is an ongoing call for more attention towards multi-
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(hazard)-risk. It should be noted that there are many different terminologies used in this rapidly evolving field. Whilst this
paper is not the place to review this terminology, Table 1 shows several key definitions of the terms multi-hazard, multi-hazard
risk, and multi-risk. For the sake of simplicity, in this paper we use the term multi-(hazard)-risk when referring to all of these
different aspects collectively. For terminology related to risk in general, we follow UNDRR (2017).

Table 1: Key definitions related to multi-(hazard)-risk
Term

Definition

Source

Multi-hazard

The selection of multiple major hazards that the country faces, and the specific UNDRR (2017)
contexts where hazardous events may occur simultaneously, cascadingly or
cumulatively over time, and taking into account the potential interrelated effects

Multi-hazard risk

Risk generated from multiple hazards and the interrelationships between these Zschau (2017)
hazards (but not considering interrelationships on the vulnerability level)

Multi-risk

Risk generated from multiple hazards and the interrelationships between these Zschau (2017)
hazards (and considering interrelationships on the vulnerability level)

Multi-(hazard)-risk

Used in this paper when collectively referring to all of the above

N/A
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Within the European Union (EU), the concept of multi-(hazard)-risk assessment and management has taken centre stage in
recent years. In this perspective paper, we outline several key developments in multi-(hazard)-risk research in the last decade,
with a particular focus on the EU (Section 2). We also present challenges for multi-(hazard)-risk management (Section 3) as
3
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outlined in several research projects and papers, with an emphasis on Europe. Finally, we present a research agenda that will
be implemented in an upcoming project for addressing these challenges.

2 The whole is greater than the sum of its parts: from risk to multi-(hazard)-risk
The interaction of different hazards can lead to an impact that is greater than the sum of the single hazard effects (Kappes et
al., 2012; Terzi et al., 2019). Whilst Hewitt and Burton (1971) noted a half century ago the need to shift natural hazards research
100

from a single-hazard approach towards a systematic cross-hazard approach, concerted calls for multi-(hazard)-risk approaches
only date back to the early 1990s. The Agenda 21 for sustainable development (UNCED, 1992) called for a “complete multihazard research” approach to human settlement planning and disaster risk (Scolobig et al., 2017). This notion was taken up in
the HFA, and takes even more centre-stage in the Sendai Framework for Disaster Risk Reduction 2015-2030 (Sendai
Framework) (UNDRR, 2015). The Sendai Framework calls to “promote investments in innovation and technology development
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in long-term, multi-hazard and solution-driven research in disaster risk management”.
Several EU policies, strategies, and frameworks advocate for a multi-(hazard)-risk and multi-sector approach. For example,
the Internal Security Strategy (SEC (2010) 1626 Final) (which evolved into the European Agenda on Security) advocates for
an “all-hazard approach to threat and risk assessment”; the EU Community Framework on Disaster Prevention point 22
underlines “the usefulness of a multi-hazard approach” in Regulation 1313/2013/EU; and the European Disaster Risk
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Reduction Strategy (COM 2008, 130) states the need for comprehensive approaches to disaster management (Poljanšek et al.,
2017).
The move towards a multi-(hazard)-risk approach is reflected in the research agenda of the European Union, where the topic
has been within its Framework Programmes (FPs) since FP4. Several major EU-funded projects are listed in Table 2. The
move in science towards this approach is reflected in the creation of a subdivision on multi-hazard risk within the European
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Geosciences Union in 2019. The theme of multi-hazard approaches has been central to a series of conferences between the
European Geosciences Union and the Asia-Oceania Geosciences Society, since 2017, on ‘New Dimensions for Natural
Hazards in Asia’.

Table 2: Selected major European-funded multi-(hazard)-risk projects
Project

Name

Period

TIGRA

The Integrated Geological Risk Assessment

1996-1997

TEMRAP

The European Multi-Hazard Risk Assessment Project

1998-2000

Na.R.As

Natural Risks Assessment harmonisation of procedures, quantification and 2004-2006
information
4
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ARMONIA

Applied Multi-Risk Mapping Of Natural Hazards for Impact Assessment

2004-2007

MATRIX

New Multi-Hazard and Multi-Risk assessment methods for Europe

2010-2013

ENHANCE

Enhancing Risk Management Partnerships for Catastrophic Natural Disasters
in Europe

2012-2016

STREST

Harmonized Approach to Stress Tests for Critical Infrastructures against LowProbability High-Impact Natural Hazards

2013-2016

ASAMPSA_E

Advanced Safety Assessment Methodologies

2013-2016

FORTRESS

Foresight Tools for Responding to Cascading Effects in a Crisis, 2014-2017

2014-2017

NARSIS

New Approach to Reactor Safety Improvements

2017-2022

ARISTOTLEeENHSP

All Risk Integrated System Towards Trans-boundary hoListic Early-warning – 2020-2023
enhanced European Natural Hazards Scientific Partnership

The industry and policy-driven demand for, and science-driven supply of, multi-(hazard)-risk knowledge has led to a
proliferation of myriad approaches for multi-(hazard)-risk assessment. Several reviews of these approaches can be found in
various reports and papers, including Kappes et al. (2012), Gill and Malamud (2014), Poljanšek et al. (2017), Scolobig et al.
(2017), Ciurean et al. (2018), and Tilloy et al. (2019). In particular, Ciurean et al. (2018) divide these approaches into several
main classes: narrative descriptions, hazard wheels, hazard matrices, network diagrams, hazard maps, hazard/risk indices,
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systems-based or physical modelling, and probabilistic and statistical approaches.
Moreover, recent years have seen the development of several networks focusing on various aspects of multi-hazard and multirisk assessment and management. UNDRR launched the Global Risk Assessment Framework, with a Working Group
specifically dedicated to Fostering Systems Thinking, in which risk is addressed through a multi-(hazard)-risk and multi-sector
lens. Major research programmes – Future Earth, IRDR, WCRP, WWRP – have formed an interdisciplinary network centred
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on systemic risk (Risk-KAN). Within the climate community, several networks have formed around the concept of compound
climate extremes, including the EC Cost Action DAMOCLES (Understanding and Modelling Compound Climate and Weather
Events) and the Risk-KAN Working Groups on Compound Events and Impacts, and on Early Warnings for Systemic Risk.

3 Challenges for multi-(hazard)-risk management
Notwithstanding the many advances made in the last decades, multi-(hazard)-risk are still not mainstreamed in disaster risk
135

management (DRM) (Poljanšek et al., 2017, Zscheischler et al., 2018). Indeed, most research and policy still addresses risk
from a single-hazard, single-sector, perspective. This presents challenges for addressing real-world challenges faced by risk
managers and other decision-makers. Firstly, multi-hazards can interrelate, and this can contribute to changes in risk. For
example, an earthquake could trigger a landslide; dry conditions could amplify the likelihood of forest fires; a combination of
5

rainfall and storm surge could cause compound flooding; or a region could face several consecutive hazards, with changes in
140

exposure and/or vulnerability between these. How can risk be better managed by considering these interrelated effects?
Secondly, DRM measures taken to reduce risk from one hazard may increase risk from another hazard. For example, woodframe buildings may perform well in earthquakes, but could sustain high damages during flooding (and fires). How can we
better account for these dynamic feedbacks between hazard, exposure, and vulnerability? Thirdly, these interrelated effects
have impacts across sectors and regions. For example, there are trade-offs and synergies between maintaining the sustainable
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use of our land and marine regions while meeting increasing demand for sustainable energy and food and reducing natural
hazard risks. How can we account for these trade-offs and synergies across sectors, regions, and hazards?
The aforementioned challenges exist within the context of an increasingly interconnected world, increased pressure for space,
and climate change, in which the magnitude and frequency of single and multi-hazards are changing at an unprecedented rate
(Vogel et al., 2019). Transboundary risk assessment and management for multi-(hazard)-risk across countries (e.g. the 2002
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flood events in Eastern Europe or the heat wave in 2003) is still lacking but very much needed in this increasingly
interconnected world. As has been seen with the financial crisis in 2007/08, even in the case that individuals behave rationally
in their own way (e.g. making profit) the systemic risk that they were creating together led to the near collapse of the system.
The interconnectedness of hazards and risks need to be explicitly taken into account, both from the individual and system (e.g.
country/transboundary) perspective, may it be in relation to the economic or social or ecological system at hand, so that
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individual DRM measures do not produce systemic risks on other spatial scales/sectors in the future.
A paradigm shift is needed in disaster risk management to successfully address these complex questions and challenges, in
which science and practice move from a single-hazard, single-sector risk perspective towards a multi-(hazard)-risk, multisector, systemic approach. This approach should embrace risk-aware sustainable development, which acknowledges that
sustainable development goals are endangered by multi-(hazard)-risk, but at the same time can contribute strongly to systemic
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resilience (Reichstein et al., 2021). The COVID19 situation lays bare the interconnections between sectors, regions, and
hazards, as its impacts propagated geographically and across sectors (Lopez Prol 2020, OECD 2021) which highlights the need
for a more systemic approach to reducing risk. Several concrete challenges hindering the movement towards this approach
relate to existing knowledge gaps in multi-(hazard)-risk assessment and management, such as those described in recent reviews
by Ciurean et al. (2018) and Tilloy et al. (2019). Here, we give a brief overview of several of these key challenges.
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There is a diverse language on multi-(hazard)-risk and a lack of overview of existing methods and tools. Existing reviews
of multi-(hazard)-risk approaches have shown diverse and conflicting language used to characterise multi-(hazard)-risk
(Kappes et al., 2012; Gallina et al., 2016; Ciurean et al., 2018; Tilloy et al., 2019). Table 1 shows several definitions used in
this paper, but these (and others) are often used interchangeably in the literature. The inclusion of a definition of ‘multi-hazard’
in the UNDRR terminology (UNDRR, 2017) may help bring clarity to this term, but there is still a lack of consensus within
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and between research, industry, and policy communities around the varied terminology. Moreover, whilst there are myriad
qualitative and quantitative methods (i.e. ways, techniques, or processes of/for doing something) and tools (i.e. a resource to
help you meet an objective or to generate new knowledge or information) to support multi-(hazard)-risk assessment (Sperotto
6

et al., 2017; Ciurean et al., 2018; Terzi et al., 2019; Tilloy et al., 2019), they are highly dispersed through different scientific
communities, often across multiple languages, disciplines, and publication types (Ciurean et al., 2018).
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We lack a clear framework and guidelines for multi-(hazard)-risk assessment and management. Conventional risk
assessment and management usually consider different hazards and risks as independent from each other (Scolobig et al., 2017;
De Ruiter et al., 2020). In this classic approach, individual hazards and sectors are the point of departure. In the case of multi(hazard)-risk situations, various methodologies are now suggested that focus on specific aspects, including compound events,
cascading effects, or systemic risks (Tilloy et al., 2019). These different aspects are usually treated separately within such
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assessments. The separation of the analysis of multi-(hazard)-risk into different compartments is not a coincidence, indeed
multi-(hazard)-risk assessment and management is complex. Whilst a framework for multi-(hazard)-risk governance has been
developed in the MATRIX project (Scolobig et al., 2017), an overall framework for multi-(hazard)-risk assessment and
management is missing. Moreover, according to interviews conducted with risk managers within MATRIX, many of them
miss criteria or guidelines that would help them to carry out a multi-(hazard)-risk assessment. Many of them mentioned that
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current multi-(hazard)-risk assessment methods required a large degree of expertise and that many of the available tools are
not user-friendly (Poljanšek et al., 2017).
Dynamic feedbacks between hazard, exposure, and vulnerability are poorly understood (Gill and Malamud, 2014,
2016). Databases such as the GED4ALL Global Exposure Database for Multi-Hazard Risk Analysis (Silva et al., 2018) and
the multiple-hazard data scheme as proposed by Murnane et al. (2019) allow for cross-hazard comparisons of risk, but do not
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account for dynamics and feedback loops between the different components of risk. Risk models have been developed to assess
changes in risk in the past and future due to changes in hazard, exposure, and (to a much lesser extent) vulnerability (Ward et
al., 2020a). Also, studies have examined long-term trends in reported losses and damages (Bouwer, 2018; Paprotny et al.,
2018). However, they examine long-term trends, assuming no interactions between hazard, exposure, and vulnerability.
Changes in exposure and/or vulnerability can influence the occurrence of multi-(hazard)-risk events. For example, change in

195

agricultural practice change, vegetation removal, surface and subsurface construction, quarrying, and so forth can trigger
natural hazards or amplify multi-hazard interrelationships (Gill et al., 2021). Conversely, progression through a multi-hazard
event can result in changes to exposure and/or vulnerability (De Ruiter et al., 2020), such as changes to exposure when
community members are relocated after a volcanic eruption. New dynamic modelling approaches need to be developed that
can tackle indirect and emergent risks which materialize through the interaction of physical and ecological systems and several
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societal actors (Reichstein et al., 2020, 2021)
Many past multi-(hazard)-risk projects and accompanying software focus on multiple single hazards under current
conditions and tend not to focus multi-(hazard)-risk interactions or future scenarios (Gallina et al., 2016). Large-scale
multi-(hazard)-risk studies have primarily assessed the risk from each hazard individually (Koks et al., 2019), without
considering interrelations. Only at local scales have complex impacts resulting from multi-hazard interactions been assessed.
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For example, a recent case study for the north of the Netherlands examined potential structural damage to masonry housing
due to sequences of earthquakes and earthquake-triggered floods (Korswagen et al., 2019). However, such approaches are rare.
7

In the context of future scenarios, different development trajectories may change multi-(hazard)-risk. For example, in the
context of urbanisation and urban expansion, future or ‘potential risk’ depends on unbuilt infrastructure, unknown socioeconomic characteristics, and unmade decisions (Galasso et al., 2021).
210

Only few studies assess the effectiveness of DRM measures across hazards, sectors, and time horizons. From an
engineering perspective, some knowledge exists about the (a)synergies of different building practices (Zaghi et al., 2016). The
Building Back Better (Hallegatte et al., 2018) research focuses mainly on critical infrastructure (e.g. bridges, schools, hospitals)
(Li et al., 2012). Nonetheless, trade-offs and synergies of DRM measures are not commonly quantified in risk assessments,
which can lead to maladaptation (Liu et al., 2014; De Ruiter et al., 2021a). Moreover, these trade-offs and synergies exist over
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different time horizons. Long-term plans and strategic decisions need to be based on highly uncertain risk information (Peduzzi,
2019). Ignoring uncertainty could mean that we limit our ability to adapt and can result in missed chances and opportunities.
Multi-(hazard)-risk and cross-sectoral trade-offs and synergies increase the complexity of these strategic planning challenges.
The Dynamic Adaptation Policy Pathways (DAPP) approach has been developed to support decision-making under deep
uncertainty (Haasnoot et al., 2019), and has been successfully applied in several single-hazard decision-making contexts related
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to climate change (e.g. Thames Estuary 2100 Project, UK (Ranger et al., 2013); Delta Program, Netherlands (Bloemen et al.,
2018)). However, the approach lacks guidance for use in a multi-(hazard)-risk setting. This deep understanding of multi(hazard)-risk setting and their uncertainties is also key for shaping economic systems towards sustainability and climate change
resilience. As multi-(hazard)-risk setting are systematically weakly-internalised in long term asset management and valuation,
this can lead to insurance gaps and potentially misleading decisions in capital markets and government planning.
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There is a distinct lack of in-depth case-studies on multi-(hazard)-risk assessment and management. Recent years have
seen an increase in communities working on different aspects of multi-hazards (e.g. triggering relationships (Gill et al., 2020),
compound events (Zscheischler et al., 2018), consecutive events (De Ruiter et al., 2020)). However, most past multi-(hazard)risk case studies are still limited to one or two specific hazards at a given site (Ciurean et al., 2018), whilst real-life situations
involve multiple hazard types and interrelated effects across various spatial and temporal scales (Tilloy et al., 2019; Ward et
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al. 2020b). Theoretical multi-(hazard)-risk approaches are often based on hypothetical data and focus on simulating hazard
time-series without addressing the impacts of spatiotemporal interactions between hazards (Mignan et al., 2014). When multihazard scenarios have been used to assess risk, this has focused on local scale impacts and specific sectors (Tilloy et al., 2019).

4 A research agenda: sustainable DRM pathways through challenge-based research in real-world settings
The challenges outlined above demonstrate that there is a long way to go before the much lauded multi-(hazard)-risk setting
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approach is mainstreamed in decision making. We argue for an approach that addresses multi-(hazard)-risk management
through the lens of sustainability challenges that cut across sectors, regions, and hazards. In this approach, the starting point is
a specific sustainability challenge, rather than an individual hazard or sector, and trade-offs and synergies are examined across
sectors, regions, and hazards. Where typical risk assessments try to address questions such as ‘What is the risk to sector X of
8

hazard Y in region Z and what DRM measures can be taken to reduce that risk?’, this approach requires questions such as
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‘What DRM pathways are available to develop a sustainable future in region Z that account for trade-offs, synergies, and
interactions across relevant hazards and sectors, and consider interregional linkages?’. This requires a much more explicit
link between the goals of the Sendai Framework and those associated with other policy goals and frameworks such as the
Sustainable Development Goals and the Paris Agreement on Climate Change.
We present a research agenda to help us move towards this approach in which multi-(hazard)-risk management is addressed
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through the lens of sustainability challenges that cut across sectors, regions, and hazards. This agenda will be implemented in
the EU Horizon 2020 project MYRIAD-EU (Multi-hazard and sYstemic framework for enhancing Risk-Informed
mAnagement and Decision-making in the EU). The overall aim of MYRIAD-EU is that by its completion, policy-makers,
decision-makers, and practitioners will be able to develop forward-looking DRM pathways that assess trade-offs and synergies
of various strategies across sectors, hazards, and spatial scales. The research agenda, which explicitly addresses the challenges
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mentioned in Section 3, is presented below.
Establishing a set of common multi-(hazard)-risk definitions and concepts, and an overview of existing methods and
tools. Improving consensus around definitions and providing a clear overview of existing concepts, methods, and tools would
help to improve communication and ensure that multi-(hazard)-risk management approaches meet the expectations of the
Sendai Framework. Indeed, recommendation 3 of the recent UNDRR Technical Working Group on the Hazard Definition

255

Classification Review is ‘Engaging with users and sectors for greater alignment and consistency of hazard definitions’
(UNDRR, 2020). To address this part of our agenda, we will develop a handbook of multi-(hazard)-risk concepts, definitions,
and indicators, a WIKI-style online crowdsourcing platform of examples of qualitative and quantitative multi-(hazard)-risk
methods, and tools, and an overview of existing policies relating to multi-(hazard)-risk management at diverse spatial scales.
Co-developing a framework for multi-(hazard)-risk assessment and management. We propose a framework that
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addresses future sustainability challenges (e.g. spatial planning on land or in the sea), rather than the classic approach where
individual hazards/sectors are the point of departure. The framework will be co-developed within the project between the
consortium and our stakeholders in the pilot regions, which will involve an iterative process of framework development,
testing, feedback, and updating. The framework is intended to provide a set of practical guidelines for carrying out a multi(hazard)-risk assessment. We explicitly do not aim to develop a unified method or model for navigating the framework, as it
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is our conviction that there is no one-size-fits-all model for addressing multi-(hazard)-risk management, and that continuous
learning across projects and disciplines is needed to break the silos in which natural hazard risk science operates. Instead, we
see the need for a user-friendly web-based dashboard that provides access to a myriad of state-of-the-art multi-(hazard)-risk
products and services from across the multi-(hazard)-risk community.
Increasing understanding of dynamic feedbacks between hazard, exposure, and vulnerability. We propose an online
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database of empirical evidence of multi-(hazard)-risk dynamics, which can be used to develop functions to represent these
dynamics in multi-(hazard)-risk models. By modelling exposure and vulnerability profiles dynamically, DRM actions can be
assessed that consider where development occurs and how this can be changed to reduce future losses. This can support
9

demonstrating the effectiveness of land use planning and risk-sensitive developments as a DRM action. Moreover, serious
games, such as ‘Breaking the Silos’ (De Ruiter et al., 2021b), can help support stakeholders in understanding the complexities
275

of feedbacks between different DRM measures in a multi-(hazard)-risk setting.
Developing future scenarios of plausible multi-(hazard)-risk. Datasets and time-series of current and future scenarios of
individual hazards have been developed in many past studies. We see the need for user-friendly software to allow users to
generate realistic multi-hazard stochastic event sets at subnational to European scales that include different multi-hazard
interrelationships (triggering, amplifying, compound, consecutive). For example, this could be achieved by combining existing
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single-hazard data and scenarios with state-of-the-art statistical methods (e.g. multivariate methods like copulas, Markov
chains, Bayesian Belief Networks) (e.g. Schäfer & Wenzel, 2017; Ward et al., 2018; Tilloy et al., 2019). Such a software
package should be open-source and open-access, and allow for interoperability with other software packages, datasets, and
models.
Assessing the effectiveness of DRM measures across hazards, sectors, and time horizons. The pathways approach to
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adaptation planning has been applied in many single-hazard contexts, and proven its usefulness for planning under deep
uncertainty. Extending the current DAPP approach to be fit for use in a multi-(hazard)-risk, multi-sector setting would ensure
that the decision context and processes that govern multi-(hazard)-risk are considered throughout the whole process, from
problem setting, to risk assessment, and decision making. This will allow the assessment of whether (and what) different
decisions would be taken when adopting a multi-(hazard)-risk and multi-sector lens, in which trade-offs and synergies between
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hazards, sectors, regions, time horizons, and decision and policy goals, compared to a single-hazard and single-sector lens.
Testing of approaches in in-depth case studies on multi-(hazard)-risk assessment and management. We see the need for
in-depth case-studies in which our framework and the various approaches for multi-(hazard)-risk assessment and management
are tested in practice. The MYRIAD-EU approach aims to achieve this by co-developing the framework, and products and
services that can be used to operationalise the framework, with stakeholders in five multi-scale Pilots: North Sea, Canary
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Islands, Scandinavia, Danube, and Veneto (Figure 1). The Pilots focus on forward-looking DRM solutions to real-world
sustainability challenges, such as: How can spatial planning at the interface of the land and sea environments be optimised in
the face of increasing and interrelated risk?; How can we maintain healthy ecosystems while meeting increasing demand for
energy, food, and ecosystem services?; How can we increase resilience to multi-hazards that impact interconnected countries
with strong macro-economic relations? They assess a spread of different hazards (meteorological, geological, biological,
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hydrological) as well as multi-hazard interrelationships (triggering, amplifying, consecutive, and compound). Each Pilot
focuses on (interlinkages between) several key economic sectors: infrastructure & transport, food & agriculture, ecosystems
& forestry, energy, finance, and tourism. For each Pilot, we examine multi-(hazard)-risk within the Pilot region, as well as
indirect, cross-sectoral, and interregional risks throughout the rest of Europe.
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Figure 1: Overview of sustainability challenges to be addressed in MYRIAD-EU project

Through the MYRIAD-EU project, we intend to contribute to the proposed research agenda. From our perspective, an indicator
of success will be if the policy-makers, decision-makers, and practitioners with whom we collaborate in the five pilots have
310

been able to develop forward-looking DRM pathways for their region that assess trade-offs and synergies of various strategies
across sectors, hazards, and spatial scales. The multi-(hazard)-risk framework, methods developed, and knowledge generated
should also be suitable for use in case studies throughout Europe and elsewhere. Another indicator of success is therefore their
uptake within wider DRM projects, networks, and dialogues. Of course, this research agenda is no panacea. Just as our

11

contextualisation of disasters, hazards, and risks has evolved throughout history, DRM practice must continue to evolve as
315

society’s understanding of risk improves and the nature of the risks it faces changes.

Author contribution
PJW coordinated and led the writing, in close collaboration with MCdR. All authors contributed to the conceptualisation of
the paper, discussions on the content, and contributing text and ideas.

Competing interests
320

The authors declare that they have no conflict of interest.

Acknowledgements
MYRIAD-EU received funding from the European Union’s Horizon 2020 research and innovation programme under grant
agreement No 101003276. The work reflects only the author's view and that the Agency is not responsible for any use that
may be made of the information it contains. PJW, AC, and TT also received funding from the Dutch Research Council (NWO)
325

in the form of a VIDI grant (grant no. 016.161.324). Melanie Duncan, Roxana Ciurean and Joel Gill publish with permission
of the Executive Director, British Geological Survey (UKRI).

References
Aronsson-Storrier, M.: Sendai Five Years on: Reflections on the Role of International Law in the Creation and Reduction of
Disaster Risk, Int. J. Disast. Risk Sc., 11, 230–238, doi:10.1007/s13753-020-00265-y, 2020.
330

Bengal, W.: On the coins of the Patan, Afghan or Ghori Sultans of Hindustan (Delhi), The Numismatic Chronicle and Journal
of the Numismatic Society, 9, 79–172, 1847.
Bloemen, P., Reeder, T., Zevenbergen, C., Rijke, J., and Kingsborough, A.: Lessons learned from applying adaptation
pathways in flood risk management and challenges for the further development of this approach, Mitig. Adapt. Strat. Gl., 23,
1083–1108, doi:10.1007/s11027-017-9773-9, 2018.

335

Bostock, J. and Riley, H. T.: The natural history of Pliny, H.G. Bohn, London, United Kingdom, 1857.
Bouwer, L.M.: Observed and projected impacts from extreme weather events: implications for loss and damage, in: Loss and
Damage from Climate Change, edited by: Mechler, R., Bouwer, L. M., Schinko, T., Surminski, S., and Linnerooth-Bayer, J.,
Springer, Cham, Switzerland, 63–82, doi:10.1007/978-3-319-72026-5, 2018.
Burton, I.: The social construction of natural disasters: An evolutionary perspective, in: Know Risk, edited by: UNDRR,

340

UNDRR, Geneva, Switzerland, 35–36, 2005.
12

CATDAT: CATDAT Worldwide Natural Catastrophes Loss Database v2021.04 [data set], Karlsruhe, Germany, 2021.
Ciurean, R., Gill., J., Reeves, H. J., O’Grady, S., and Aldridge, T.: Review of environmental multi-hazards research and risk
assessments, British Geological Survey, Nottingham, United Kingdom, OR/18/057, 2018.
CRED: Disaster year in review 2020. Global trends and perspectives, Centre for Research on the Epidemiology of Disasters
345

(CRED)

&

UC

Louvain,

Belgium,

https://reliefweb.int/sites/reliefweb.int/files/resources/Cred%20Crunch%20Newsletter%2C%20Issue%20No.%2062%20%2
8May%202021%29%20-%20Disaster%20Year%20in%20Review%202020%20%20Global%20Trends%20and%20Perspectives.pdf, 2021.
De Ruiter, M. C., Couasnon, A., Van den Homberg, M. J. C., Daniell, J. E., Gill, J. C., and Ward, P. J.: Why we can no longer
350

ignore consecutive disasters, Earths Future, 8, e2019EF001425, doi:10.1029/2019EF001425, 2020.
De Ruiter, M. C., De Bruijn, J. A., Englhardt, J., Daniell, J. E., De Moel, H., and Ward, P. J.: The asynergies of structural
disaster

risk

reduction

measures:

comparing

floods

and

earthquakes,

Earths

Future,

9,

e2020EF001531,

doi:10.1029/2020EF001531, 2021a.
De Ruiter, M. C, Couasnon, A., and Ward, P. J.: Breaking the Silos: an online serious game for multi-risk disaster risk reduction
355

(DRR) management, Geoscience Communication, 4, 383–397, doi:10.5194/gc-4-383-2021, 2021b.
Galasso, C., McCloskey, J., Pelling, M., Hope, M., Bean, C. J., Cremen, G., Guragain, R., Hancilar, U., Menoscal, J., Mwang,
K., Phillips, J., Rush, D., and Sinclair, H.: Editorial. Risk-based, Pro-poor Urban Design and Planning for Tomorrow's Cities,
Int. J. Disast. Risk Sc., 58, 102158, doi:10.1016/j.ijdrr.2021.102158, 2021b.
Gallina, V., Torresan, S., Critto, A., Sperotto, A., Glade, T., and Marcomini, A.: A review of multi-risk methodologies for

360

natural hazards: Consequences and challenges for a climate change impact assessment, J. Environ. Manage., 168, 123–132,
doi:10.1016/j.jenvman.2015.11.011, 2016.
Gill, J.C. and Malamud, B.D.: Reviewing and visualizing the interactions of natural hazards, Review of Geophysics, 52, 680–
722, doi:10.1002/2013RG000445, 2014.
Gill, J. C. and Malamud, B. D.: Hazard interactions and interaction networks (cascades) within multi-hazard methodologies,

365

Earth Syst. Dynam., 7, 659–679, doi:10.5194/esd-7-659-2016, 2016.
Gill, J. C., Malamud, B. D., Barillas, E. M., and Guerra Noriega, A.: Construction of regional multi-hazard interaction
frameworks, with an application to Guatemala. Natural Hazard. Earth Sys., 20, 149–180, doi:10.5194/nhess-20-149-2020.
2020.
Gill, J. C., Hussain, E., and Malamud, B. D.: Workshop Report: Multi-Hazard Risk Scenarios for Tomorrow's Cities,

370

Tomorrow’s Cities, London, United Kingdom, 2021.
Haasnoot, M., Warren, A., Kwakkel, J. H.: Dynamic Adaptation Policy Pathways, in: Decision Making under Deep
Uncertainty, edited by: Marchau, V. A. W. J., Walker, W. E., Bloemen, P. J. T. M., and Popper, S. W, Springer, Cham,
Switzerland, 2019.

13

Hallegatte, S., Rentschler, J., and Walsh, B.: Building Back Better: Achieving Resilience through Stronger, Faster, and More
375

Inclusive Post-Disaster Reconstruction, World Bank, Washington DC, USA, 2018.
Hewitt, K. and Burton, I.: The hazardousness of a place: A regional geology of damaging events, University of Toronto,
Toronto, Canada, Department of Geography Research Publication 5, 154–155, 1971.
IPCC: Climate Change 2022. Impacts, Adaptation and Vulnerability. Summary for Policymakers. Working Group II
Contribution to the Sixth Assessment Report of the Intergovernmental Panel on Climate Change. Cambridge University Press,

380

Cambridge, 2022.
Kappes, M. S., Keiler, M., Von Elverfeldt, K., and Glade, T.: Challenges of analyzing multi-hazard risk: a review. Nat.
Hazards, 64, 1925–1958, doi:10.1007/s11069-012-0294-2, 2012.
Kelman, I., Gaillard, J. C., Lewis, J. and Mercer, J.: Learning from the history of disaster vulnerability and resilience research
and practice for climate change. Nat. Hazards, 82, 129–143, doi:10.1007/s11069-016-2294-0, 2016.

385

Koks, E. E., Rozenberg, J., Zorn, C., Tariverdi, M., Vousdoukas, M., Fraser, S. A., Hall, J. W., and Hallegatte, S.: A global
multi-hazard risk analysis of road and railway infrastructure assets. Nat. Commun., 10, 2677, doi:10.1038/s41467-019-104423, 2019.
Korswagen, P. A., Jonkman, S. N., and Terwel, K.C.: Probabilistic assessment of structural damage from coupled multihazards. Struct. Saf., 76, 135–148, doi:10.1016/j.strusafe.2018.08.001, 2019.

390

Li, Y., Ahuja, A., and Padgett, J. E.: Review of methods to assess, design for, and mitigate multiple hazards. J. Perform. Constr.
Fac., 26, 104–117, doi:10.1061/(ASCE)CF.1943-5509.0000279, 2012.
Liu, Z., Nadim, F., Vangelsten, B. V., Eidsvig, U., and Kalsnes, B.: Quantitative multi-risk modelling and management using
bayesian networks, in: Landslide Science for a Safer Geoenvironment, edited by: Sassa K., Canuti P., and Yin Y., Springer,
Cham, Switzerland, 773e779, 2014.

395

López Prol, J. and O, S.: Impact of COVID-19 Measures on Short-Term Electricity Consumption in the Most Affected EU
Countries and USA States, iScience, 23, 101639, doi:10.1016/j.isci.2020.101639, 2020.
Mignan, A., Wiemer, S., and Giardini, D.: The quantification of low-probability–high-consequences events: part I. A generic
multi-risk approach, Nat. Hazards, 73, 1999–2022, doi:10.1007/s11069-014-1178-4, 2014.
Murnane, R. J., Allegri, G., Bushi, A., Dabbeek, J., De Moel, H., Duncan, M., Fraser, S., Galasso, C., Giovando, C., Henshaw,

400

P., Horsburgh, K., Huyck, C., Jenkins, S., Johnson, C., Kamihanda, G., Kijazi, J., Kikwasi, W., Kombe, W., Loughlin, S.,
Løvholt, F., Masanja, A., Mbongoni, G., Minas, S., Msabi, M., Msechu, M., Mtongori, H., Nadim, F., O’Hara, M., Pagani,
M., Phillips, E., Rossetto, T., Rudari, R., Sangana, P., Silva, V., and Twig, J.: Data schemas for multiple hazards, exposure
and vulnerability, Disaster Prev. Manag., 28, 752–763, doi:10.1108/DPM-09-2019-0293, 2019.
OECD: The territorial impact of COVID-19: Managing the crisis across levels of government, OECD, Paris, France, 2020.

405

Paprotny, D., Sebastian, A., Morales-Nápoles, O., and Jonkman, S. N.: Trends in flood losses in Europe over the past 150
years, Nat. Commun., 9, 1985, doi:10.1038/s41467-018-04253-1, 2018.
Peduzzi, P.: The disaster risk, global change, and sustainability nexus, Sustainability, 11, 957, doi:10.3390/su11040957, 2019.
14

Poljanšek, K., Marin Ferrer, M., De Groeve, T., and Clark, I.: Science for disaster risk management 2017: knowing better and
losing less, Publications Office of the European Union, Luxembourg, EUR 28034 EN, doi:10.2788/688605, 2017.
410

Ranger, N., Reeder, T. and Lowe, J.: Addressing ‘deep’ uncertainty over long-term climate in major infrastructure projects:
four innovations of the Thames Estuary 2100 Project. European Journal on Decision Processes, 1, 233–262, doi:
10.1007/s40070-013-0014-5, 2013.
Reichstein, M., Frank, D., Sillmann, J., and Sippel, S.: Outlook: Challenges for societal resilience under climate extremes.
Climate Extremes and Their Implications for Impact and Risk Assessment, in: Climate Extremes and their Implications for

415

Impact and Risk Assessment, edited by: Sillman, J., Sippel, S., Russo, S., Elsevier, Amsterdam, The Netherlands, 341–353,
doi:10.1016/B978-0-12-814895-2.00018-5, 2020.
Reichstein, M., Riede, F., and Frank, D.: More floods, fires and cyclones – plan for domino effects on sustainability goals,
Nature, 592, 347–349, doi:10.1038/d41586-021-00927-x, 2021.
Schäfer, A. and Wenzel, F.: TsuPy, Comput. Geosci., 102, 148-157, doi:10.1016/j.cageo.2017.02.016, 2017.

420

Scolobig, A., Komendantova, N., and Mignan, A.: Mainstreaming multi-risk approaches in policy, Geosciences, 7, 129,
doi:10.3390/geosciences7040129, 2017.
Silva, V., Yepes-Estrada, C., Dabbeek, J., Martins, L., and Brzev, S.: GED4ALL-Global exposure database for multi-hazard
risk analysis–multi-hazard exposure taxonomy, Global Earthquake Model Foundation, Pavia, Italy, 2018.
Sperotto, A., Molina, J. -L., Torresan, S., Critto, A., and Marcomini, A.: Reviewing Bayesian Networks potentials for climate

425

change impacts assessment and management: A multi-risk perspective. J. Environ. Manage., 202, 320–331,
doi:10.1016/j.jenvman.2017.07.044, 2017.
Terzi, S., Torresan, S., Schneiderbauer, S., Critto, A., Zebisch, M., and Marcomini, A.: Multi-risk assessment in mountain
regions: A review of modelling approaches for climate change adaptation, J. Environ. Manage., 232, 759–771,
doi:10.1016/j.jenvman.2018.11.100, 2019.

430

Tilloy, A., Malamud, B. D., Winter, H., and Joly-Laugel, A.: A review of quantification methodologies for multi-hazard
interrelationships, Earth-Sci. Rev., 196, 12881, doi:10.1016/j.earscirev.2019.102881, 2019.
Tozier de la Poterie, A. and Baudoin, M. A.: From Yokohama to Sendai: Approaches to participation in international disaster
risk reduction frameworks. Int. J. Disast. Risk Sc., 6, 128–139, doi:10.1007/s13753-015-0053-6, 2015.
UNCED: Agenda 21, United Nations, New York, USA, 1992.

435

UNDRR: Sendai Framework for Disaster Risk Reduction 2015-2030, UNDRR, Geneva, Switzerland, 2015.
UNDRR: Terminology for Disaster Risk Reduction, UNDRR, Geneva, Switzerland, 2017.
UNDRR: Hazard definition & classification review. Technical report, UNDRR, Geneva, Switzerland, 2020.
Vogel, M. M., Zscheischler, J., Wartenburger, R., Dee, D., and Seneviratne, S. I.: Concurrent 2018 hot extremes across
Northern Hemisphere due to human‐induced climate change, Earths Future, 7, 692-703, doi:10.1029/2019EF001189, 2019.

15

440

Ward, P.J., Couasnon, A., Eilander, D., Haigh, I. D., Hendry, A., Muis, S., Veldkamp, T. I. E., Winsemius, H. C., and Wahl,
T.: Dependence between high sea-level and high river discharge increases flood hazard in global deltas and estuaries, Environ.
Res. Lett., 13, 084012, doi:10.1088/1748-9326/aad400, 2018.
Ward, P. J., Blauhut, V., Bloemendaal, N., Daniell, J. E., De Ruiter, M. V., Duncan, M. J., Emberson, R., Jenkins, S. F.,
Kirschbaum, D., Kunz, M., Mohr, S., Muis, S., Riddell, G. A., Schäfer, A., Stanley, S., Veldkamp, T. I. E., and Winsemius,

445

H. C.: Review article: Natural hazard risk assessments at the global scale, Nat. Hazard. Earth Sys., 20, 1069–1096,
doi:10.5194/nhess-20-1069-2020, 2020a.
Ward, P. J., De Ruiter, M. C., Mård, J., Schröter, K., Van Loon, A., Veldkamp, T., von Uexkull, N., Wanders, N.,
AghaKouchak, A., Arnbjerg-Nielsen, K., Capewell, L., Carmen Llasat, M., Day, R., Dewals, B., Di Baldassarre, G., Huning,
L. S., Kreibich, H., Mazzoleni, M., and Wens, M.L: The need to integrate flood and drought disaster risk reduction strategies.

450

Water Security, 11, 100070, doi:10.1016/j.wasec.2020.100070, 2020b.
Zaghi, A. E., Padgett, J. E., Bruneau, M., Barbato, M., Li, Y., Mitrani-Reiser, J., and McBride, A.: Establishing common
nomenclature, characterizing the problem, and identifying future opportunities in multihazard design. J. Struct. Eng., 142,
H2516001, doi:10.1061/(ASCE)ST.1943-541X.0001586, 2016.
Zentel, K. -O. and Glade, T.: International strategies for disaster reduction (IDNDR and ISDR), in: Encyclopedia of Natural

455

Hazards, edited by: Bobrowsky, P.T., Springer, Dordrecht, The Netherlands, 552e563, 2013.
Zschau, J.: Where are we with multihazards, multirisks assessment capacities?, in: Science for disaster risk management 2017:
knowing better and losing less, edited by: Poljansek, K., Marin Ferrer, M., De Groeve, T., Clark, I., European Union, Brussels,
Belgium, 2017.
Zscheischler, J., Westra, S., Van den Hurk, B. J. J. M., Seneviratne, S. I., Ward, P. J., Pitman, A., AghaKouchak, A., Bresch,

460

D. N., Leonard, M., Wahl, T., and Zhang, X.: Future climate risk from compound events. Nat. Clim. Change,
doi:10.1038/s41558-018-0156-3, 2018.

16

