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Abstract. We live in a rapidly changing and globalized so-
ciety. The increasing interdependence and interconnection of
our economic, social and technical systems; growing urban-
ization; and increasing vulnerability to natural hazards (in-
cluding climate change) are leading to ever more complex
risk situations. This paper presents a conceptual approach for
user-centred multi-risk assessment aimed to support poten-
tial users like disaster risk managers, urban planners or criti-
cal infrastructure operators. Based on the latest scientific and
technical capabilities, we developed a method that enables
the simulation and visualization of a range of scenarios with
different intensities. It is based on a modular and decentral-
ized system architecture using distributed web services that
are published online, including a user-friendly interface. The
approach is demonstrated using the example of earthquakes
and tsunamis for the Lima metropolitan area (Peru), a megac-
ity exposed to various cascading natural hazards. The de-
velopment involved a wider group of Peruvian stakeholders
from research and practice in a structured, iterative and par-
ticipative feedback process over a period of 2.5 years to cap-
ture the needs and requirements from the user perspective.
Results from the feedback process, including 94 responses

to 5 questionnaires, confirmed the potential of the demon-
strator as a complementary analysis and visualization tool.
Together with the visualization of cascading processes, the
ability to simulate and compare scenarios of varying severity
was considered relevant and useful for improving the under-
standing of and preparedness for complex multi-risk situa-
tions, in practical applications, especially at the local level.

1 Introduction

In this article, we provide a brief introduction to the paradigm
shift from managing disasters to managing risks, followed
by single-hazard to multi-risk assessment. We highlight four
global strategies that address disaster risk reduction and call
for action. In these introductory sections, we note the need to
bridge the gap between these global goals and specific tools
for implementation.
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1.1 From managing disasters to managing risks

A disaster as defined by the United Nations International
Strategy for Disaster Reduction Secretariat (UNISDR) is “a
serious disruption of the functioning of a community or a
society involving widespread human, material, economic or
environmental losses and impacts, which exceed the abil-
ity of the affected community or society to cope using its
own resources” (UNISDR, 2009, p. 9). Among all disas-
ters those caused by natural hazards claim the greatest num-
ber of victims per year. Especially climate-induced hazards
have increased in the frequency and intensity of events (EEA,
2021; WMO, 2021). In 2021 global losses from disasters in-
duced by the interplay of natural hazards and vulnerabilities
added up to USD 280 billion (Munich RE, 2022). Population
growth; rapid urbanization; and concentration of people, as-
sets and economic activities in hazardous areas rose during
the past decades (Pesaresi et al., 2017). Inadequate or un-
planned socio-economic development in places exposed to
a variety of hazards increases the vulnerability of societies
(UNEP, 2016).

Beyond immediate crisis management and rapid response,
disaster preparedness is growing in importance (Strunz et al.,
2022). The transition from disaster management to risk man-
agement is emphasized in the Sendai Framework for Disaster
Risk Reduction 2015–2030 adopted at the Third UN World
Conference in Sendai, Japan, on 18 March 2015 (UNISDR,
2015a). The Sendai Framework for Action’s first priority is
“understanding disaster risk” (UNISDR, 2015a). This prior-
ity states that “policies and practices for disaster risk man-
agement should be based on an understanding of disaster
risk in all its dimensions of vulnerability, capacity, exposure
of persons and assets, hazard characteristics and the envi-
ronment” (UNISDR, 2015a, p. 14). The demand to consider
and to understand all dimensions of risk is a basic require-
ment. At the same time, it remains an enormous challenge
to take into consideration multi-hazard and multi-risk situa-
tions with all the interdependencies involved in such events.
The paradigm shift was taken up by the United Nations Of-
fice for Disaster Risk Reduction (UNDRR) in the Global As-
sessment Report on Disaster Risk Reduction (GAR) in 2019.
In the report it is stated that this shift is “seeking to redress
practice that has for many years seen ex ante action articulat-
ing the complex risk drivers from which disasters materialize
eclipsed by action responding to the manifestation of disas-
ters” (UNDRR, 2019, chapter 15, p. 403). In 2022 UNDRR
stresses that “scientific risk assessments by experts are essen-
tial in designing strategies for reducing risk and future losses
from extreme events” (UNDRR, 2022a, chapter 8, p. 111). It
is further stated that scientific results are in demand to assist
key decision-makers and that information needs to be com-
municated clearly and transparently.

1.2 From single-hazard to multi-risk assessment

More people globally face natural hazards, especially in
poorly planned urban areas where effective prevention and
risk management could save lives and minimize losses (Pe-
saresi et al., 2017; Hossain et al., 2017; UNDRR, 2023).
However, meaningful risk management strategies are com-
plex since hazard effects are multi-dimensional and beyond
this are rarely isolated. An earthquake can trigger a tsunami,
soil liquefaction and/or landslides. The hazard interactions
are manifold (Gill and Malamud, 2014) and become even
more complex as they can further affect critical infrastruc-
ture (Barquet et al., 2023). UNDRR (2019) states that “infor-
mation on the nature and extent of hazards, vulnerabilities,
and the magnitude and likelihood of potential damage and
loss needs to expand from single-hazard to multi-risk assess-
ments to capture the range of intersecting threats” (UNDRR,
2019, chapter 12.3.3, p. 346).

The first studies on “multi-hazards” and “multi-hazard
risk” are documented in the mid-1980s (e.g. Fitz Simons,
1986; Chiu and Chock, 1998; Granger et al., 1999). Fitz Si-
mons (1986) discusses different hazard forces and agents to
which buildings, and in particular historic architecture and
museums, are exposed. However, the interdependencies of
hazards were not studied. Chiu and Chock (1998) presented
a proposal for “multi-hazard performance-based building de-
sign criteria” addressing wind and earthquake hazards. They
conclude that due to limited desktop computational power,
the handling of multi-hazard design criteria was not possible
in previous years. Granger et al. (1999) performed a provi-
sional multi-hazard risk assessment of Cairns, Australia. Five
hazards types, i.e. earthquakes, landslides, floods, destructive
winds and storm tides, were analysed. The exposure to the
hazard and related vulnerability was considered, while cas-
cading effects and interdependencies were not considered in
detail.

While single-hazard-oriented research dominated the past,
studies on multi-hazard risks and multi-risk analysis came
more into focus shortly after the turn of the millennium. Mar-
zocchi et al. (2009) define the purpose of multi-risk analy-
ses as being “to establish a ranking of the different types of
risk taking into account possible cascade effects i.e. the situa-
tion for which an adverse event triggers one or more sequen-
tial events (synergistic event)”. A detailed review is not pro-
vided in our article, but selected publications are as follows.
Kappes et al. (2012) focused in a review on the challenges
of analysing multi-hazard risks, whereas Komendantova et
al. (2014) analysed the feedback from civil protection stake-
holders on two multi-hazard and multi-risk decision support
tools, which reveals that interest is high but hampered due to
the underlying complexity. Gallina et al. (2016) published a
review of multi-risk methodologies for natural hazards, con-
cluding that most of the approaches rely on the analysis of
static vulnerability. Zschau (2017) provided an overview of
multi-hazard and multi-risk assessments, including a termi-
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nology from single hazard to multi-risk. Pittore et al. (2017)
discussed the challenge of implementing an exposure model
suitable for different hazards. A comprehensive review of
multi-hazard research and risk assessment was published by
Ciurean et al. (2018). The authors provide various observa-
tions, including, among others, that methodologies in real
case study examples were (at the time of publication) still
limited. Gill et al. (2020) analysed seven regional multi-
hazard interaction frameworks (Tarvainen et al., 2006; De
Pippo et al., 2008; Kappes et al., 2010; van Westen et al.,
2014a; Neri et al., 2008; Neri et al., 2013; Liu et al., 2016)
and presented a scalable interaction framework approach
with different resolutions of information using Guatemala
as an example. Further approaches for identifying and char-
acterizing hazard interactions are, for example, laid out in
Taubenböck et al. (2009; 2013), Mignan et al. (2014), Gill
and Malamud (2014, 2016, 2017), Liu et al. (2015), Tilloy et
al. (2019, 2022), De Angeli et al. (2022), and Sköld Gustafs-
son et al. (2023). Ward et al. (2020) provide a review of
global risk studies across different hazards. They list simi-
larities and differences between the approaches taken within
and across the different hazards. Lópex-Saavedra and Martí
(2023) assessed the application of the multi-hazard concept
in existing risk management systems. The need to model
multiple hazards is addressed in the review published by
Cremen et al. (2022). This is supported by the systematic
and scientometric review on multi-hazard risk assessment
performed by Owolabi and Sajjad (2023), where they con-
clude, among others, that the emphasis should be on cascad-
ing and interrelated relationships among multiple hazards.
Most recently, Hochrainer-Stigler et al. (2023) proposed a
framework to guide the analysis of multi- and systemic risk,
which, however, has not yet been applied in real case stud-
ies. Goda and De Risi (2023) discussed future perspectives
of earthquake–tsunami catastrophe modelling.

The aim is not to stop at theory and research but to of-
fer practical solutions via tools and applications. There are
databases, applications and platforms that exist which sup-
port or directly target model risks, as also recently outlined
by Negulescu et al. (2023). Among them, we mention a few,
like the initiatives PAGER (Wald et al., 2011) and Shake-
Cast (Wald and Lin, 2007) and those further focusing on
multiple hazards, e.g. HAZUS-MH (FEMA, 2004), CAPRA
(Cardona et al., 2012), RiskCity and WebRiskCity (Frige-
rio and Westen, 2010), PREVIEW (Giuliani and Peduzzi,
2011), RiskChanges (van Westen et al., 2014b, 2022), WESR
(UNEP, 2021, 2023), DRMKC (Marin Ferrer et al., 2019;
Joint Research Centre (European Commission) et al., 2020),
RiskScape (Paulik et al., 2022), CLIMADA (Kropf et al.,
2022), IN-CORE (van de Lindt et al., 2023) and VIGIRISKS
(Negulescu et al., 2023).

Designing information systems or tools to analyse multi-
hazard risks and dynamically update impacts from cascading
hazard effects presents significant challenges (see Cremen, et
al., 2022; Paulik et al., 2022).

1.3 From global risk reduction goals to local solutions

In addition to the scientific work, the importance of risk as-
sessment and its challenges are addressed in global strate-
gies. Table 1 shows four selected global strategies rang-
ing from the 2030 Agenda for Sustainable Development
(UNISDR, 2015) to the New Urban Agenda (United Nations,
2017). As part of these strategies, we see the need for a bet-
ter understanding of disaster risk and the need to consider the
requirements of different categories of users.

Global goals are set to mitigate risks and damage from
disasters. With this demand and in line with the objective to
provide user-friendly systems, we seek to address this chal-
lenge by presenting a conceptual approach that allows users
to analyse the impact of various natural hazards. This is sup-
ported by a study recently performed by Šakić Trogrlić et
al. (2022). Among other questions, they asked in a survey
how the natural hazard community could support the imple-
mentation of the SDGs. Enhanced stakeholder engagement,
communication and knowledge transfer were rated in first
place (39 % from 350 replies), followed by increased man-
agement and reduction in disaster risks (34 %) in second
place and enhanced interdisciplinary research and its trans-
lation to policy and practice (29 %) in third.

Following this introduction, Sect. 2 presents the concep-
tual approach to developing a scenario-based multi-risk as-
sessment tool. With the aim of developing a demonstrator
(and not a fully operational system), we focused on analysing
the physical vulnerability (e.g. Fuchs et al., 2018) of build-
ings (i.e. the likelihood that assets will be damaged or de-
stroyed when exposed to a hazard event) and the systemic
vulnerability (e.g. Pascale et al., 2010; Hernandez-Fajardo
and Dueñas-Osorio, 2013) of electrical power networks (i.e.
probability of failure of interconnected systems given hazard
intensities). Section 3 describes the results and steps taken,
including findings from the user perspective. The discussion
and conclusions are outlined in Sect. 4.

2 Conceptual approach

Considering the above-mentioned guidelines and strategies
in the context of disaster risk reduction (DRR) and disaster
risk management (DRM), as well as the outlined research
needs, we present a conceptual approach developed within
the research projects RIESGOS and its successor RIESGOS
2.0 (Schoepfer et al., 2018; Schoepfer et al., 2024). The
projects focused on the development of innovative scientific
methods for the assessment of multi-risk situations with the
aim of designing an approach that meets the needs of users at
the local level. In addition to the German team coming from
various disciplines, the project collaborated with a variety of
research institutions and public authorities in Chile, Peru and
Ecuador. This collaboration, with both potential users and
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Table 1. Overview of key global strategies calling for, among others, reducing risks and damage from disasters.

Global strategies Excerpts and statements References

2030 Agenda for Sustainable Development,
Sustainable Development Goals (SDGs)

A total of 17 goals for improving human soci-
ety, ecological sustainability and the quality of
life are aiming to contribute to the global risk
reduction agenda.

UNISDR (2015a)

A total of 25 targets related to disaster risk re-
duction in 10 of the 17 SDGs.

UNISDR (2015b, p. 2)

Among others, the objective of reducing the
number of deaths and people affected as well as
decreasing the economic losses caused by dis-
asters is addressed in goal 11: “Make cities and
human settlements inclusive, safe, resilient and
sustainable”.

UNISDR (2015a, p. 24)

Sendai Framework for Disaster Risk Reduction
2015–2030

Outlines seven targets and four priorities for ac-
tion to prevent new risks and reduce existing
disaster risks.

UNISDR (2015a, p. 14)

Priority 1: understanding of disaster risk. UNISDR (2015a, p. 14)

“Policies and practices for disaster risk man-
agement should be based on an understanding
of disaster risk in all its dimensions of vulnera-
bility, capacity, exposure of persons and assets,
hazard characteristics and the environment”.

UNISDR (2015a, p. 16)

Calls “to promote the collection, analysis, man-
agement and use of relevant data and practi-
cal information and ensure its dissemination,
taking into account the needs of different cat-
egories of users”.

UNISDR (2015a, p. 16)

Advocates “to support the development of lo-
cal, national, regional and global user-friendly
systems and services”.

UNISDR (2015a, p. 16)

Paris Agreement International treaty on climate change. United Nations (2015b)

Calls for “reducing vulnerability to climate
change” in article 7.1.

United Nations (2015b, p. 9)

Calls for the “importance of averting, minimiz-
ing and addressing loss and damage associated
with the adverse effects of climate change [. . .]”
in article 8.1.

United Nations (2015b, p. 12)

New Urban Agenda Addresses various fields of action and calls for
strengthening resilience in the event of disas-
ters.

United Nations (2017)

Envisages cities and human settlements that
“adopt and implement disaster risk reduction
and management, reduce vulnerability, build
resilience and responsiveness to natural and
human-made hazards and foster mitigation of
and adaptation to climate change”.

United Nations (2017, p. 7)
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stakeholders across different levels, frames the novelty of the
approach towards its practical applicability.

The starting point of our conceptual approach is the find-
ing that local risk situations and the challenges for decision-
makers to pursue global risk reduction goals in practice can
vary across the globe. Thus, there is a gap between scien-
tific and technical possibilities (i.e. the knowledge created by
them and concrete fact-based decisions in the planning or po-
litical field). The conceptualization of this overall approach
is visualized in Fig. 1.

First, we conducted a context and stakeholder analysis
to understand the organizational environment and underly-
ing structures of the disaster risk governance and to identify
stakeholders to engage with (Sect. 2.1).

A concept for a scenario-based multi-risk information sys-
tem was developed (Sect. 2.2). We selected a story-based sce-
nario concept that allows the description of a specific multi-
risk situation and its representation through multiple scenar-
ios (Sect. 2.2.1).

As input for the demonstrator tool, the elements of risk
(hazard, exposure and vulnerability) and their impacts on
critical infrastructure were considered in terms of their po-
tential implementation (Sect. 2.2.2). In the process, we de-
voted efforts to the study of interactions at the physical and
systemic vulnerability levels of cascading hazards, address-
ing cumulative damage and loss.

During the development of the demonstrator for a multi-
risk information system, we involved potential users from
the beginning to ensure that the designed tool meets their
requirements and needs (Sect. 2.2.3). For the demonstrator
we chose a decentralized system architecture approach built
on distributed web services, with a graphical user interface
as the frontend (Sect. 2.2.4).

During the project individual results were already pub-
lished and are cited accordingly. In this paper, we aim to
present the overall approach, with focus on the feedback pro-
cess from the user perspective showing the practical rele-
vance of the designed tool. We are convinced that such a
user-oriented approach for exploring, describing and quanti-
fying different “what-if” scenarios can constitute a valuable
tool for understanding complex multi-risk situations and to
prepare for such situations.

2.1 Context and stakeholder analysis

Before starting the design of a tool or system, it is crucial
to understand the context in which it is aimed to be used. A
“context analysis” aims to understand the environment the
work is placed in (Meaux and Osofisan, 2016).

To do so, we first defined the thematic context, i.e. here
the disaster risk reduction (DRR) and disaster risk manage-
ment (DRM) domains and the assessment of the risk profiles
of the location or country. We started with the identification
of disasters that have occurred in the country and their rank-
ing according to frequency and impact by consulting existing

and open geo-data sets (e.g. World Bank Open Knowledge
Repository (World Bank Group, 2021); DRMKC INFORM
(European Commission, 2023)). In doing so, we collected
the information on historical disaster events with the aim of
providing deeper insights into the dynamics of possible haz-
ard scenarios. We focused on complex situations where haz-
ardous events were observed to have interacted and caused
cascading effects in the past and which, due to the increas-
ingly exposed people and infrastructure, could cause more
damage and losses if they occurred again (Sect. 2.2.1). Sec-
ondly, a detailed analysis of the DRM policies, structures,
strategies and plans was conducted. This included the doc-
umentation of frameworks and regulations in the DRM do-
main as well as the respective mechanisms for coordination
and cooperation in the corresponding country. Next to the
country-specific instruments, activities in international coop-
eration were also considered.

A “stakeholder analysis” has been done to identify rele-
vant actors involved in the DRM context, describing their
roles, responsibilities, relationships, interests, and relative in-
fluence and/or power. Naturally, the stakeholders belong to
different sectors, i.e.

1. the research community,

2. institutions operating hazard information and monitor-
ing systems,

3. institutions operating DRM information systems,

4. institutions working at local and regional levels in DRM
contexts, and

5. institutions working at the national planning level.

Key stakeholders per group were identified and described
in detail from different levels ranging from national and re-
gional to local levels, covering their specific objectives and
tasks in the working contexts (Table 2).

2.2 Framework to design a multi-risk information
system

As briefly outlined in Sect. 1, although there are several
approaches on how to address multi-hazard risk situations,
they are often insufficient for a practical application. Sug-
gestions for future research include developing support tools
adapted to different stakeholders, considering multiple haz-
ards and dynamic aspects, and adequately communicating
results (e.g. Curt, 2021; Cremen et al., 2022). These tools
should enable the analysis of escalation effects and multi-
level scenarios. After reviewing the current research land-
scape and following the recommendations, our overall ob-
jective was to develop such a multi-risk approach that con-
siders the treatment of cascading effects. We set out to build
a tool which allows the user to simulate and analyse com-
plex multi-risk situations from the perspective of “what-if”
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Figure 1. Conceptualization and workflow of the development of an analysis tool aiming at the implementation of global risk reduction goals
(from theory and policies) at the local level (to practice). The numbers in the boxes indicate the corresponding sections of the paper (Sects. 1–
4). Photograph taken by Elisabeth Schoepfer (2019). Screenshot of the tool: map data © OpenStreetMap contributors 2023. Distributed under
the Open Data Commons Open Database License (ODbL) v1.0.).

Table 2. Stakeholder groups and stakeholders involved in the feedback process from the user perspective in Peru.

Stakeholder group Peruvian stakeholders involved in the feedback process

Research community Universities
Research institutes

Institutions operating hazard
information and monitoring
systems

Geological institute
Geographical institute
Geophysical institute
Oceanographic institute

Institutions operating DRM in-
formation systems

National institutions for risk analysis, risk reduction and risk mitigation
National civil protection agency

Institutions working at local
and regional levels in DRM
contexts

Disaster management authorities
Municipalities
Non-governmental organizations (NGOs)

Institutions working at the na-
tional planning level

National Center for Strategic Planning
Ministry of Housing, Construction and Sanitation
Ministry of Transport and Communications
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scenarios at a local level. With this, we aim to provide users
with the possibility to explore various scenarios instead of
only focusing on one fixed scenario (often referred to as ref-
erence scenario). Following this deterministic approach, we
decided against a probabilistic assessment where all possible
scenarios are combined (OECD, 2012). During the design
of the tool we involved various stakeholder groups to ensure
that the tool is geared towards the needs of potential users
and its practicality. Our guiding questions in the design pro-
cess were as follows:

1. How can natural hazards (e.g. earthquake and tsunami)
that occur in close temporal succession or that trigger
each other (cascading or consecutive) be described and
represented considering their combined impacts?

2. What is the cumulative impact of such multi-hazard
events and how is the impact amplified compared to sin-
gle hazards, e.g. damage to residential buildings and/or
critical infrastructure?

2.2.1 Story-based concept planning

With these objectives in mind, we followed the concept
of story and scenarios to understand and describe possible
multi-risk situations (e.g. Jarke et al., 1998; Sutcliffe, 2003).

With the term “story” we refer to a “narrative descrip-
tion of a situation, defining the specific involved hazards,
cascading effects and impacts, looking at a specific area of
interest”. These stories represent realistic multi-risk situa-
tions with cascading effects. We ensure physically sound set-
tings of the multi-hazard situation by performing all calcula-
tions with identical fault parameters for both earthquake and
tsunami simulations. However, although a story is based on
physical drivers – i.e. natural hazards – it is not limited to
their description alone. Instead, a story should also incorpo-
rate the aspects of damage and losses in a realistic way as
well as the impact, for example, on critical infrastructure.

The term “scenario” represents for us a single (numerical)
realization or expression within a story (e.g. Li et al., 2016).
Scenarios represent different intensities of the triggering nat-
ural hazards and their effects. For each chosen story, multiple
scenarios are available to describe different intensities of the
triggering natural hazards and their effects. The quantitative
models in the individual scenarios do not necessarily repre-
sent the entire complexity of a story. To which degree a story
agrees with realistic circumstances depends on the modelling
capabilities as well as on the availability of (geo-)data. Lim-
ited reproducibility should not, however, diminish the impor-
tance of qualified stories.

In summary, the selection of the multi-risk story is of cru-
cial importance. It is the basis of our designed multi-risk ap-
proach.

2.2.2 Research on elements of risk

The story descriptions need to be matched with the
scientific–technical potential of research. Research on multi-
risk requires a thorough understanding of the three risk com-
ponents, hazard, exposure and vulnerability, but most impor-
tantly their interrelations (see Gill and Malamud, 2017).

“Hazard” is defined as “a process, phenomenon or hu-
man activity that may cause loss of life, injury or other
health impacts, property damage, social and economic dis-
ruption or environmental degradation” (UNDRR, 2022b, p.
7). UNDRR (2022b) further differentiates between natural,
anthropogenic and socio-natural hazards. In the scope of our
project, we focused on natural hazards and geophysical haz-
ards in particular. For example, in seismic hazard assessment,
future earthquake risks require access to existing earthquake
catalogues (e.g. Nievas et al., 2020). They contain few pa-
rameters that allow the geometry and intensity of similar
future earthquake ruptures to be simulated. Their spatially
distributed intensities (i.e. seismic ground motion fields) are
typically simulated through statistical or numerical models
that are constantly updated thanks to the current instrumenta-
tion initiatives (e.g. Weatherill et al., 2023). Moreover, since
some earthquakes can trigger a tsunami, numerical tsunami
models are typically used to determine the wave propaga-
tion and to estimate the flow depth in the inundated coastal
areas (e.g. Rakowsky et al., 2013). This multi-hazard inter-
action of an earthquake triggering a tsunami is one example
of many possible hazard interactions (see Gill and Malamud,
2016, their Fig. 4, p. 672). Another interaction is, for exam-
ple, volcanic activity (e.g. Plank et al., 2018) that, depending
on the geographical and climatic framework, can also cause
landslides, lahars and/or floods (e.g. Frimberger et al., 2021).

On the other hand, “exposure” describes all elements that
can be subject to loss or damage in a hazard zone, such as
people, property or critical infrastructure (UNISDR, 2009, p.
15; Geiß and Taubenböck, 2013). Often, exposure data are
outdated, spatially aggregated and discontinuous or are sim-
ply non-existent in many regions of the world. In addition,
it is crucial to deal with the dynamic change processes of
settlement areas induced by, for example, rapid population
growth and increasing urbanization (see Taubenböck et al.,
2012; Geiß et al., 2019). To overcome this bottleneck, ap-
proaches have been developed in the past to combine rele-
vant information from spatial data such as earth observation
and (geo-)statistics to create detailed exposure information
(e.g. Wieland et al., 2012; Geiß et al., 2014, 2015, 2017,
2022). First, the physical–structural and non-structural char-
acteristics of buildings are identified (e.g. Geiß et al., 2017;
Aravena Pelizari et al., 2021), and in the following their vul-
nerabilities are estimated (e.g. physical vulnerability; Gómez
Zapata et al., 2021b, 2022a). Particularly, when working
with multi-hazard events, dynamically changing vulnerabili-
ties that consider cumulative damage to, for example, build-
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ings caused by earthquakes and tsunamis need to be assessed
(Gómez Zapata et al., 2022b, 2023).

The negative effects of disasters may cause a failure or
disruption of critical infrastructure, and they are not geo-
graphically limited to the area directly affected by the dis-
aster. For example, in power networks a failure of one of its
components can trigger a cascade of failures in other com-
ponents (see UCTE 2004; FIUBA, 2020). Furthermore, the
dependence of other critical infrastructure, such as water sup-
ply pumps, traffic signals and SCADA systems (acronym for
Supervisory Control And Data Acquisition), can extend the
negative effects of the disaster in unforeseeable ways (Ri-
naldi et al., 2001). For studying the impacts on critical infras-
tructure, different approaches analyse the fragility of infras-
tructure components (see FEMA, 2003; Pitilakis et al., 2014),
simulate cascading failures (Crucitti et al., 2004; Hernandez-
Fajardo and Dueñas-Osorio, 2013), assess the criticality of
infrastructure (e.g. Greiving et al., 2021) and propose frame-
works for probabilistic risk analysis (see Ferrario et al., 2022;
Rosero-Velásquez and Straub, 2022).

In addition, such negative effects persist over time until
the failures and disruptions are repaired. The longer it takes
to resume the normal operation of critical infrastructure, the
larger the impact on economic activity becomes. Therefore,
risk is also determined by the recovery of critical infrastruc-
ture after the disaster. The study of the resilience of critical
infrastructure combines models for simulating the impact of
natural hazards and the recovery process thereafter (FEMA,
2003; Ouyang et al., 2012; Sedzro et al., 2018). It also sup-
ports a risk analysis considering not only the direct impact to
the infrastructure, but also the indirect consequences to soci-
ety (Bruneau et al., 2003).

2.2.3 Feedback process from the user perspective

For the development of the presented information system for
multi-risk assessment, we chose an agile software develop-
ment approach (see Kent et al., 2001). This methodology is
based on an iterative development approach where user re-
quirements can be updated and considered for the system
development through close interaction. This allows the co-
creation of a system where the role of the user shifts from
consuming information to informing about their needs on
how systems should be developed (see Gomillion, 2013).

The call for user involvement is not new (Kling, 1977;
Norman and Draper, 1986) and has been suggested to be
treated as one of several means for information system de-
velopment projects to be more successful (e.g. He and King,
2008; Bano and Zowghi, 2014). Kujala (2003) conducted a
review of benefits and challenges of user involvement, find-
ing that interaction with users has various positive effects, es-
pecially on user satisfaction. This was confirmed by Bano et
al. (2017), who performed an empirical exploration of user
involvement in software development and concluded that
user satisfaction and the resulting system are interdependent.

Being aware that user requirements can sometimes be contra-
dictory, it was considered valuable for the development pro-
cess to evaluate the necessity and consequences of each re-
quirement. Accordingly, we geared our approach to the needs
of potential users and its practicality (see user-centred de-
sign; Gould and Lewis 1985; Karat, 1997) throughout the
design and development process (Fig. 2).

The development of our multi-risk assessment tool was
based on a structured and systematic feedback process from
the user perspective. Thereby the goal was to target various
representatives from different stakeholder groups. The iter-
ative design and development process can be broken down
into four iterations, each of which was accompanied by a
feedback mechanism to define further requirements and to
reassess and adjust existing ones:

1. The starting point for the approach is the defini-
tion of “multi-risk stories” with the potential users
(Sect. 2.2.1). The joint discussion with the different
stakeholder groups was intended to ensure the realism
and relevance of the stories, thus elaborating on a com-
mon starting point that will allow structured discussions
throughout the design and development process of the
tool to capture the requirements from the user’s point of
view. Researchers must ensure that the processes of the
multi-risk story are described in a scientifically sound
(and possibly abstracted) way. These serve as the input,
definition and enhancement of the tool and its function-
alities.

2. As a second step, a “mock-up” (version V0.1) was used
to visualize the envisaged tool. Therefore, we designed
a graphical user interface representation and visualized
the possible functionalities and outputs for each step in
the multi-risk chain. This allowed the user to get a sense
of the tool, even if the individual buttons were not yet
functional. This mock-up proved particularly useful for
discussing the planned features, getting feedback and
collecting requests for changes.

3., 4. In the following, we conducted the feedback process
along the two functional versions of the tool, i.e. ver-
sions V1.0 and V2.0 (Fig. 2). Methods for assessing
the feedback and requirements ranged from collabora-
tive workshops including practical hands-on sessions to
questionnaires and market research.

A set of guiding questions was developed which cover a
broader spectrum of aspects regarding (1) information con-
tent, (2) user interface, and (3) usability and applicability
to evaluate how scientific research can be made applicable
through a practical tool for the assessment of multi-risk sce-
narios. We collected the responses to these questions via a
questionnaire, which was provided to the participants dur-
ing workshops (“quick assessment”). While evaluating the
tool either during practical hands-on sessions in workshops
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Figure 2. Detailed graphical representation of the stakeholders and user involvement in the design and development process (see Fig. 1). The
five different stakeholder groups were involved in the four iterations, with requirements and feedback gathered mainly through workshops
and hands-on sessions, as well as questionnaires.

or without guidance over a certain period after these work-
shops, an additional questionnaire (“detailed assessment”) is
used. When formulating the questionnaires for the different
development steps of the tool, we aim to maintain key ques-
tions throughout the entire evaluation period. Other questions
have been changed or replaced in subsequent versions of the
questionnaire as they were evaluated as being no longer rele-
vant. The questionnaires covered up to 48 specific questions
as well as 3 open questions to describe the overall satisfac-
tion with the tool (see the Supplement). Information about
the personal profile, i.e. the work area and function/role of
the respondents, was gathered while ensuring the data pro-
tection rights of individuals.

2.2.4 Scenario-based system development using
distributed web services

We aimed for an approach that is applicable and adaptable to
different multi-risk situations, geographic areas and scales.
With this objective in mind, various system architectures can
be considered. Here, we decided to create a system based
on a decentralized service-oriented architecture (SOA) using
distributed web services. Among other factors we selected
this approach because of the following three reasons:

1. Web services can be combined to form a chain repre-
senting different multi-risk situations leading to modu-
larity, flexibility and scalability.

2. The exchange of models/data between institutions is fa-
cilitated as data do not need to be handed over, ensuring
that expertise remains with the experts.

3. The data and models are up-to-date as they remain at
specialized institutions.

A key element of this system approach is the use of inde-
pendent web services which allow the results coming from
various models from research to be visualized (Sect. 2.2.2).
We designed a tool which consists of

i. distributed web (processing) services,

ii. a workflow control (orchestration and caching) that
links the web services into value chains to map complex
multi-risk scenarios, and

iii. a graphical user interface (GUI) that allows users to in-
teractively run various scenarios (Fig. 3).

The interaction between the loosely coupled web services
is achieved using the Web Processing Service (WPS) inter-
face’s standard directives published by the Open Geospatial
Consortium (OGC; WPS, 2018). WPSs are implemented in a
flexible and scalable architecture based on Docker containers
that encapsulate the running processes (Brinckmann et al.,
2020). The interoperability between the different services is
ensured by thorough harmonization of input and output for-
mats and the use of on-the-fly converters. Dedicated WPSs
create simulations of intensity maps for specific hazards, ei-
ther on the fly (e.g. for earthquake ground motion simulation)
or by querying a list of pre-simulated events (e.g. for tsunami
inundation maps) (Pittore et al., 2020).

For the graphical user interface (frontend) we created a
web-based application (accessible via a web browser) with
the aim (1) to allow users to specify the inputs to a model,
trigger its execution and display the results of the models;
(2) to chain a set of models into a scenario that represents
the multitude of processes describing a complex risk situa-
tion (e.g. earthquake causing damage in buildings and trig-
gering a tsunami); and (3) to facilitate the user’s exploration
of the range of impacts that one or more natural hazards
may have. In addition to the control layer, which orches-
trates the various web services, browser caching and We-
bGL (Web Graphics Library) rendering were introduced as
another cross-cutting functionality of the tool to speed up
the display of large amounts of data in the browser. To ad-
dress different user needs, the GUI was split in an expert and
non-expert viewer. The expert viewer (“demonstrator”) al-
lows individual settings and configurations of model param-
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Figure 3. Elements and actors involved in the design and development of the multi-risk information system. The dotted line of the GUI of
the demonstrator (tool) indicates its provisional character, serving for demonstration purposes only.

eters and outputs, whereas the non-expert viewer (“demon-
strator light”) runs with predefined parameters and a simpli-
fied visualization of results. The underlying web services are
identical. Additionally, the demonstrator light provides three
modes which allow side-by-side comparison of two scenar-
ios. The demonstrator light provides three different modes
for the user to select from:

1. analysis of one multi-risk scenario,

2. comparison of two different scenarios within one multi-
risk story (e.g. earthquakes of different magnitudes) and

3. analysis of different time steps within a multi-risk sce-
nario.

For the developments, both backend (web services) and
frontend (graphical user interface), we aimed for open
source. This allows others not only to use this software but
also to replicate the tool and to develop it further.

3 Results and experiences using the example of the
Lima metropolitan area, Peru

3.1 Study area

Peru is highly exposed to natural hazards such as earth-
quakes, tsunamis, floods, mass movements (e.g. landslides,
avalanches), strong winds, heavy rains, fires and low tem-
peratures (INDECI, 2020). The implementation of our ap-
proach is shown for the example of the Lima metropolitan
area, Peru. Together with the adjacent port city of Callao, the

capital city of Peru, Lima, has nearly 11 million inhabitants
representing approximately one-third of Peru’s total popula-
tion (INEI, 2022) (Fig. 4). This region is threatened by strong
earthquakes and tsunamis originating from the Andean sub-
duction zone, one of the longest continuous subduction zones
on earth (see Rodríguez et al., 2020). In the past, the cap-
ital city of Peru was hit by significant earthquakes causing
tsunami run-ups of over 24 m, e.g. in 1586 (Mw 8.1) and 1746
(Mw 8.6) (Kulikov et al., 2005; Olarte et al., 2008). Notably,
a major part of the road network runs along the tsunami-
prone coast. The same applies for the main port of Callao and
the nearby Jorge Chavez International Airport (CENEPRED,
2017). The critical infrastructure of the Lima metropolitan
area is further exposed, such as water supply, wastewater dis-
posal, IT and telecommunications, and electricity; a failure of
the electrical supply would have the quickest negative impact
on other sectors (see Greiving et al., 2021).

The approach is demonstrated for the Lima metropolitan
area which is composed of five sectors (INEI, 2022), i.e.
Lima Norte (8 districts), Lima Sur (11 districts), Lima Este
(9 districts), Central Lima (15 districts) and Callao (7 dis-
tricts) (Fig. 4). The multi-risk story (see Sect. 3.2) including
its cascading impacts is applied for this particular case study
area.

3.2 Story-based concept design

Following the story-based concept design (Sect. 2.2.1) we
characterized the various elements composing the multi-risk
situation which was defined in consultations with Peruvian
stakeholders (workshop held in Lima on 20 April 2018; see
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Figure 4. Multispectral satellite image (left) of the study area of the Lima metropolitan area, Peru, with administrative boundaries (black
outlines). Additionally, an estimated tsunami inundation exemplified for a Mw 8.9 earthquake (generated with TsunAWI; Harig et al., 2008)
is shown. Coastal features such as the harbour in Callao (upper right) and the coastal highway in Miraflores (lower right) are displayed.
Photographs taken by (A) Torsten Riedlinger (2018) and (B) Elisabeth Schoepfer (2019). Map data © Copernicus Sentinel data 2023,
processed by ESA; © DLR, EOC Basemap Map Service 2023; © Instituto Geográfico Nacional, Limites Distritales 2022.

Sect. 3.4). During this consultation process, stakeholders rec-
ommended considering the reference (worst-case) scenario
of a Mw 8.8 earthquake off coast of the Lima metropolitan
area as documented by INDECI (2017), when defining the
following story:

Strong shaking occurs in the Lima metropolitan
area, Peru, during the day time. There is severe
damage to buildings and infrastructure, many peo-
ple are directly affected by building collapses.
As the earthquake has the potential to trigger a
tsunami, a tsunami warning is issued and evac-
uation to safe areas is announced. Coastal roads
and roads to highlands become progressively con-
gested. In the following a first tsunami wave im-
pacts the coast and starts inundating parts of the
harbour area in Callao. Because of the numerous
building collapses, city roads become less suitable
for prompt evacuation.

For this defined story, multiple scenarios including histori-
cal, observed and stochastically distributed earthquakes were
made available. Each earthquake scenario serves as a trigger
for the defined multi-risk chain resulting in different cascad-
ing impacts.

A flow chart (Fig. 5) was created conceptualizing the main
logic, its components and information flows of the multi-risk
story. A database of historical, observed and stochastically
distributed earthquakes with different locations and magni-

tudes was developed and made available via a web service.
As each of these individual earthquakes serves as a trigger
for the defined multi-risk chain resulting in cascading im-
pacts of different degrees, the user can analyse scenarios of
varying severity by choosing a specific earthquake from the
database. We applied a similar approach for a multi-risk story
on volcanic activities with compound hazards, i.e. ash fall
and lahars, with damage to buildings and an impact on the
power network in a case study for the Cotopaxi volcano in
Ecuador (see Sect. 4, point vii). Here, too, users were able to
analyse several scenarios of varying severities based on dif-
ferent volcanic explosivity index (VEI) values (see Gómez
Zapata et al., 2021a).

3.3 Demonstrator for a multi-risk information system

3.3.1 Web services and workflow control

Each step in the flowchart (Fig. 5) is represented by one or
more models offered as web services with corresponding dig-
ital object identifiers (DOIs). In the multi-risk story exem-
plified in the study area of the Lima metropolitan area, the
starting point for the hazard is an earthquake catalogue (Pit-
tore et al., 2021a) from which the user can choose between
different scenarios, including historical and observed (com-
piled by project by the Global Earthquake Model (GEM)
Foundation in the framework of the SARA project: i.e. GEM
Secretariat, 2015; SARA, 2016a, 2016b; CERESIS, 1995;
Tavera et al., 2001; Leyton et al., 2009) and stochastically
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Figure 5. Flowchart of the multi-risk story for an earthquake–tsunami event affecting housing and critical power grid infrastructure.

distributed earthquakes (i.e. following the approach outlined
in Aristizábal et al., 2018). A single event within the cata-
logue forms an earthquake scenario that is compatible with
the probabilistic seismic hazard model proposed for the study
area. It is described through basic parameters, such as the epi-
centre location (longitude, latitude) together with hypocentre
depth (in kilometres); moment magnitude (Mw); and rake,
dip and strike angles, which together are used to model fi-
nite earthquake ruptures using some openly available tools
of the OpenQuake Engine (Pagani et al., 2014; Silva et al.,
2014). The user can select one of these available earthquakes
which in the following triggers the subsequent web service.
To do so, we have decided to simulate its correspondent seis-
mic ground motion fields through the adoption of suitable
GMPEs (ground motion prediction equations) for the specific
tectonic context of the subduction interface tectonic regime.
These spatially distributed seismic ground motion fields are
simulated for the selected earthquake scenario. They are gen-
erated through the Shakyground web service (Weatherill et
al., 2021) that for the case of the Lima metropolitan area uses
the Montalva et al. (2017) GMPE in terms of expected accel-
erations (i.e. peak ground acceleration (PGA) and spectral
acceleration (SA) periods of 0.3 and 1.0 s). This web service
was constructed based on the QuakeML data formats (Schor-
lemmer et al., 2011) and the OpenQuake Engine (Pagani et

al., 2014; Silva et al., 2014). Examples of these scenario-
based ground motion fields are available in Gómez Zapata
et al. (2021c). For those earthquakes which can potentially
trigger a tsunami, another web service is introduced which
provides access to pre-calculated numerical tsunami simu-
lations. The simulations were generated using the physical
generation and propagation model TsunAWI (Harig et al.,
2008), which accounts for a triangular mesh with variable
resolution as proposed by Harig et al. (2020). The size of
the tsunami is related to the magnitude of the selected earth-
quake. Generally, larger earthquakes result in larger values
of the wave amplitude at the coast and in the broader inun-
dation area. However, the relation is rather complex since we
account for the vertical displacement of the coastal area due
to the earthquake, which might affect the inundation, and
additionally the run-up process is highly non-linear. Based
on the earthquake catalogue, a database of tsunami scenarios
with earthquake sources offshore of Peru was calculated. In
the case of the historic earthquake from 1746, we account
for uncertainties by incorporating several scenarios cover-
ing a range of fault parameters for the source area as sug-
gested by Jimenez et al. (2013). The available outputs in-
cluding the maximum tsunami amplitude, arrival times and
tsunami inundation depth are displayed (Rakowsky et al.,
2013; Androsov et al., 2024; Harig et al., 2024). Some of
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these scenario-based tsunami inundation maps are available
in Harig and Rakowsky (2021).

In order to assess the exposed elements of interest (e.g. res-
idential buildings), exposure models are constructed. They
provide information on the location, spatial aggregation and
typologies of the residential building stock of the Lima
metropolitan area (Yepes-Estrada et al., 2017). Each building
typology has an associated fragility function (Villar-Vega et
al., 2017) for both hazard vulnerability schemes (earthquake
and tsunami), as documented in Gómez Zapata et al. (2021b).
The demonstrator is able to serve these exposure and fragility
models through the scripts Assetmaster and Modelprop (Pit-
tore et al., 2021b), which are used as two web services.
To assess the damage states of the residential buildings and
losses (in terms of repairing costs of the corresponding build-
ing class in US dollars) after the occurrence of the se-
lected earthquake, the so-called “Damage-Exposure-Update-
Service” (DEUS) is triggered (Brinckmann et al., 2021). Us-
ing an updated exposure model that includes earthquake-
induced damage and simulations of tsunami inundation depth
as inputs, once again the DEUS web service is initiated to ap-
proximate the expected cumulative damage and disaggregate
the losses per hazard event (Gómez Zapata et al., 2023). This
methodology makes use of inter-scheme damage compati-
bility matrices that can be consulted in Gómez Zapata and
Pittore (2022), as well as a set of state-dependent tsunami
fragility functions (Gómez Zapata et al., 2022c) that for the
case of the Lima metropolitan area were constructed after
having modified the analytically derived ones originally pro-
posed in Medina (2019).

Finally, the user can also receive information on the vul-
nerability of the power network showing a spatially dis-
tributed probability of service disruption in the affected area
(Rosero-Velásquez et al., 2022; Rosero-Velásquez, 2024).
That probability is computed based on a Monte Carlo sim-
ulation of cascading failures within the network, using the
algorithm presented in Crucitti et al. (2004) and Hernandez-
Fajardo and Dueñas-Osorio (2013).

Table 3 provides detailed information on the system com-
ponents (web services) with input and output information in-
cluding corresponding references. This set of web services
documents the multi-risk sequence as visualized in Fig. 5.
Interaction with the web services is achieved using the Web
Processing Service (WPS) interface’s standard guidelines
published by the Open Geospatial Consortium (OGC; WPS,
2018).

3.3.2 Graphical user interface

A graphical user interface (GUI) allows the user to inde-
pendently explore the different risk scenarios by making use
of the above-mentioned web services. The designed GUI is
available for the expert (Fig. 6) and non-expert user (Fig. 7).
For the expert view (“demonstrator”) the main display is di-
vided into three areas: the map window in the centre, the

configuration wizard that controls each web service on the
left and the results panel on the right (Fig. 6). In the configu-
ration wizard, the user is guided through the multi-risk story
where they can select different parameters according to their
specific interests. In the layer control panel, the user can ex-
amine and view the processed results and get more informa-
tion about the outputs (e.g. legends, detailed descriptions). To
maintain a solid overview, only the parameters relevant for
the currently selected step are highlighted as active, which
enables intuitive control. In this way, the user does not lose
track of the current step in the multi-risk chain, even with
a long and complex multi-risk story. In the non-expert view
(“demonstrator light”) the user can select between three dif-
ferent modes (Figs. 7–9). The viewer shows a reduced con-
figuration wizard including abstracted versions of the results
(mode 1). The split screen allows the side-by-side compari-
son of two selected scenarios (mode 2) or the exploration of
different steps within one scenario (mode 3).

The web services and the graphical user interface are pub-
lished online so that the preconditions for their further devel-
opment into an operational system can be given. Details of
code availability on GitHub – a platform for managing, ver-
sioning and sharing source code – are provided in the respec-
tive section of the paper (see “Code and data availability”).

3.4 Findings from the user perspective

Feedback from the user perspective was obtained through-
out the four iterations, i.e. development stages (Fig. 2), and
was mainly facilitated through joint workshops and practi-
cal hands-on sessions involving all five stakeholder groups
(Sect. 2.2.3). During the overall process we respected the
ethical principles and guidelines for research involving hu-
man subjects (European Commission, 2021). Informed con-
sent was achieved by providing details about the purpose of
the research and the roles of the different actors involved.
Relevant stakeholders were further informed about how the
information will be used. The participation was voluntary.
Above all, we respected the confidentiality as all question-
naires were anonymous and did not allow individuals to be
identified. Neither minors nor people with limited capacity
were involved in our project.

The number and diversity of participants in user feedback
were high throughout the process, which spanned several
years. Although we tried to target the questionnaires to the
same participants, there were fluctuations due to job changes
and responsibilities of the respective stakeholders. Further-
more, the responses to the questionnaires depend very much
on the professional background and daily work tasks of the
respondents. The following results reflect the obtained feed-
back from the respective participating stakeholder group rep-
resentatives but do not meet any requirements for statisti-
cal representativeness. The first step in the iterative devel-
opment process was to define a multi-risk story describing
the different elements to be analysed in the multi-risk situ-
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Table 3. System components (web services) with details on input data/model, source and output for the multi-risk story for an earthquake–
tsunami event affecting housing and critical power grid infrastructure. EQ signifies earthquake, TS tsunami and CI critical infrastructure.

Web service Input data/model and source Output data/model

EQ catalogue “Quakeledger”
(Pittore et al., 2021a)

Earthquake catalogues as compiled by the
SARA project for subduction events (Pagani et
al., 2021).
Filter parameters: depth, magnitude and a geo-
graphic area that is defined by a bounding box
upon user request.

List of earthquakes for subduction interface that
matches the filter criteria defined by the user.

EQ ground motion simulation
“Shakyground” (Weatherill et
al., 2021)

Earthquake source parameters (hypocentral lo-
cation; depth; and strike, dip and rake angles).
OpenQuake Hazard Library (Pagani et al.,
2014) to generate finite fault ruptures as a func-
tion of their source properties.
Ground motion prediction equation (GMPE)
for subduction interface (e.g. Montalva et al.,
2017).
Gridded values of shear wave velocities for the
uppermost 30 m depth (Vs30). For Lima, the
data set of Ceferino et al. (2018) was used. It
compiles slope-based Vs30 (Allen and Wald,
2007) and the seismic microzonation for Lima
defined by Aguilar et al. (2013).

The demonstrator displays the ground motion fields
of mean acceleration values for the target intensi-
ties (i.e. peak ground acceleration (PGA)). They are
forecasted at each site of the Vs30 grid by the se-
lected GMPE.
Additionally, 1000 realizations of ground motion
fields with uncorrelated and cross-correlated resid-
uals for PGA and spectral accelerations at 0.3 and
1.0 s for six earthquake scenarios (Mw 8.5–9.0)
are reported in the repository of Gómez Zapata et
al. (2021d).

EQ exposure model “Asset-
master” (Pittore et al., 2021b)

Official census data set at the block level (INEI,
2017), which contains a few attributes for
dwellings.
“Mapping schemes” that relate census at-
tributes, dwelling-to-building fractions and
seismic-oriented building classes (GEM,
2014).
Seismic-oriented residential building classes as
defined by the SARA project and their inferred
replacement costs (Zschau et al., 2017).
Focus maps that spatially combine tsunami
inundation and population to generate exposure
aggregation areas (Gómez Zapata et al., 2021e).

Exposure model for residential buildings for earth-
quake risk applications reported in the repository of
Gómez Zapata et al. (2021f).
They are GeoJSON files that contain the building
counts per type spatially aggregated at the block
level and on central Voronoi tessellation (CVT)-
based geocells. The metadata of these exposure files
match the metadata of the fragility files served by
“Modelprop”.

TS precomputed simulations
for each associated EQ using
TsunAWI (Harig et al., 2008;
Harig et al., 2024)

Bathymetry by General Bathymetric Chart of
the Oceans (GEBCO), GEBCO 08 Grid, 1 km
resolution, http://www.gebco.net.
Coastal topography by Shuttle Radar To-
pography Mission (SRTM), 30 m resolution,
https://www2.jpl.nasa.gov/srtm.
Digital elevation model by TanDEM-X
(Krieger et al., 2007), 12 m resolution,
https://www.dlr.de/en/research-and-transfer/
projects-and-missions/tandem-x.

Maximum tsunami amplitude (in metres).
Arrival time (in minutes).
Maximum tsunami inundation depth (in metres)
(Harig and Rakowsky, 2021; Harig et al., 2024).

TS fragility model “Model-
prop” (Pittore et al., 2021b)

Building fragility functions for seismic ground
shaking (Villar-Vega et al., 2017).
Two types of tsunami fragility functions for
buildings: analytical (Medina, 2019; Medina et
al., 2019) and empirical (Suppasri et al., 2013).

The fragility functions are expressed as JSON files.
Their metadata match the exposure models served
by “Assetmaster”, as well as the earthquake and
tsunami intensity measures of interest for subse-
quent risk assessment.

Nat. Hazards Earth Syst. Sci., 24, 4631–4660, 2024 https://doi.org/10.5194/nhess-24-4631-2024

http://www.gebco.net
https://www2.jpl.nasa.gov/srtm
https://www.dlr.de/en/research-and-transfer/projects-and-missions/tandem-x
https://www.dlr.de/en/research-and-transfer/projects-and-missions/tandem-x


E. Schoepfer et al.: A modular approach for user-centric multi-risk assessment 4645

Table 3. Continued.

Web service Input data/model and source Output data/model

EQ first run of the software
DEUS (Damage-Exposure-
Update-Service) (Brinck-
mann et al., 2021)

Ground motion fields (PGA; SA 0.3; SA 1.0 s)
served by “Shakyground”.
Seismic-oriented exposure model for residential
buildings served by “Assetmaster”.
Seismic fragility functions served by “Model-
prop” (state-independent).

Spatial distribution of EQ damage in the form of
a damage-updated exposure model. The damage
scale of EQ is used.
Spatial distribution of direct EQ losses (replace-
ment costs in US dollars). Example outputs are
compiled in Gómez Zapata et al. (2021c).

EQ plus TS second run of the
software DEUS (Brinckmann
et al., 2021)

Raster files of TS inundation depth per EQ sce-
nario, precomputed by TsunAWI.
Damage-updated exposure model (containing
EQ damage) served by “Assetmaster”.
Building inter-scheme conversion matrices.
They express the probabilistic compatibility be-
tween the EQ building classes and the TS
ones. They were generated through the taxo-
nomic disaggregation method of Gómez Zapata
et al. (2022c). The script is available in Gómez
Zapata et al. (2021d).
Damage inter-scheme conversion matrices.
They express the probabilistic compatibility be-
tween the EQ damage states and the TS ones.
They were generated through the method of
Gómez Zapata et al. (2023). The script is avail-
able in Gómez Zapata et al. (2022a).
State-dependent tsunami fragility functions
served by “Modelprop”. They are generated by
modifying the functions of Medina (2019). The
script and files are available in Gómez Zapata et
al. (2022c).

Spatial distribution of EQ plus TS damage in the
form of a damage-updated exposure model. The
damage scale of TS is used.
Spatial distribution of direct EQ plus TS losses (re-
placement costs in US dollars). Example outputs are
compiled in Gómez Zapata et al. (2021c).

CI system reliability (Rosero-
Velásquez, 2020, 2024)

Ground motion fields served by “Shaky-
ground”.
Seismic fragility functions for power network
facilities (e.g. substations and power plants),
based on HAZUS (FEMA, 2003).
The power network topology and information
were obtained (publicly available or upon re-
quest) by OSINERGMIN (2019) and COES
(2019) and were adapted to the web service as
shown in Merscher (2020).
The calculation of the output is based on a net-
work model for simulating cascading failures
(Crucitti et al., 2004; Hernández-Fajardo et al.,
2013).

Probability of service failure (in percentages).

ation (Fig. 2, iteration 1). During the joint discussion with
the various stakeholders involved, a compromise had to be
found between the requirements of practical DRM and plan-
ning processes on the one hand and the technical possibilities
of modelling certain processes on the other. In the end, a set
of elements was agreed upon that was judged to be the most
realistic and at the same time feasible in terms of data, tech-
nology and science. This discussion took place in a workshop
held in Lima on 20 April 2018.

Building on this, the stakeholders were involved in the
three development iterations of the tool, which included a
first trial version V0.1 (mock-up) that was not yet functional
(November 2018), followed by two functional versions: V1.0
(November 2019) and V2.0 (November 2020) (Fig. 2, itera-
tions 2 to 4). All three versions were presented and discussed
during joint workshops. For the case study in Peru, the first
two workshops took place in Lima (mock-up V0.1: 4 De-
cember 2018, with 11 participants; version V1.0: 19 Novem-
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Figure 6. Graphical user interface (GUI) of the information system (demonstrator) exemplified for the study area of the Lima metropolitan
area, Peru (as of November 2022). The main screen is divided into three main display areas, i.e. the central map window, the configuration
wizard for the control of each web service to the left and the results panel to the right. The GUI is available in English and Spanish.
The screenshot shows the accumulated damage (in terms of repairing costs of the corresponding building class in US dollars) after the
occurrence of the selected earthquake and tsunami. The exposed elements of interest are residential buildings within the study area. Map data
© OpenStreetMap contributors 2023. Distributed under the Open Data Commons Open Database License (ODbL) v1.0.

ber 2019, with 46 participants), while the third workshop
was held online due to the global pandemic travel restric-
tions (version V2.0: 9 February 2021, with 37 participants).
Next to open-feedback rounds, feedback was additionally
collected via questionnaires. During this process, we expe-
rienced that a complementary, practical, hands-on session
(V1.0: 19 November 2019, with 16 participants; V2.0: 10
February 2021, with 12 participants) with the tool increased
the quality of feedback significantly as one can document the
user experience in action. The direct interaction with the par-
ticipants during these hands-on sessions helped us to gain a
better understanding and to avoid misinterpretations of artic-
ulated requirements or feedback. In addition, these hands-on
sessions allowed many suggestions for improvement regard-
ing the practical handling of the user interface as well as the
visual and descriptive presentation of the results. These in-
cluded comments on the visualization of damage grades as
well as losses (in US dollars), both on colours used and num-
ber of grades. Probably the most controversial response was
regarding descriptions. Some participants wanted commonly
used terms, while others voted to use international standards
(e.g. the Tsunami Glossary, 2019, published by the Inter-
governmental Oceanographic Commission). There were also

opposing opinions on technical functionalities. While some
participants liked to use the option of moving layers inde-
pendently between levels, others were irritated by this op-
tion. From this we have learned that it is essential to always
explain well the advantages and disadvantages of the embed-
ded functions.

In the following, we further highlight the main findings
related to the understandability and relevance of the infor-
mation generated, as well as the practical applicability of the
tool. Comparing the appreciation of the understandability of
the information visualized in the tool over the three develop-
ment stages, a steady increase can be observed which can be
attributed to the improvements made through the systematic
integration of the feedback. While in year 1 (V0.1) the infor-
mation displayed was rated by 36 % of respondents as mod-
erately understandable and highly by 64 %, for the adapted
version in year 2 (V1.0) users of the tool responded that the
understandability was moderate (32 %) to high (59 %), and
9 % even said it was very high. In year 3 (V2.0), most of the
respondents (89 % of 37 participants) agreed that the clarity
of the information displayed in the demonstrator was highly
(62 %), very highly (19 %) or even totally understandable
(8 %) (Fig. 10a). When asked about the reasons for the lack
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Figure 7. The graphical user interface (GUI) of the demonstrator light comes with predefined parameters and a simplified visualization of
results. The underlying web services are identical to the ones used in the expert mode of the demonstrator. The GUI of the demonstrator light
is available in Spanish only. The visualized example shows the damage states of the residential buildings for a Mw 8.9 earthquake scenario.
Map data © OpenStreetMap contributors 2023. Distributed under the Open Data Commons Open Database License (ODbL) v1.0.

of clarity, the main concerns were related to missing expla-
nations of the underlying processes, concepts and variables,
but data quality also seemed to play a role. The feedback
was addressed by setting up a wiki to provide further de-
tails on the information presented. It also became clear that
the majority of potential users have little or no experience in
using more complex risk analysis tools or interpreting scien-
tific map products. This led to the proposal to introduce two
user modes, where less experienced users are guided through
the analysis process using pre-set default parameters (“basic
user mode”), while more experienced users can freely use all
configuration options (“advanced user mode”).

The increase in understandability seems to go along with
a more positive assessment of the relevance attributed to the
information. In year 1 (V0.1), 18 % of the 11 participants
replied that the information shown is moderately relevant,
whereas the majority (73 %) rated the relevance as high and
even 9 % as very high. In year 2 (V1.0), already 35 % of the
46 participants said that the relevance of the information was
very high, while in year 3 (V2.0) more than half (55 % of
37 participants) rated it as very high and 31 % as even to-
tally relevant (Fig. 10b). Stakeholders also suggested greater
consideration of critical infrastructure such as gas networks,
ports, bridges, the water supply network, healthcare facilities
and communication networks. Of particular interest were the

range of possible power network system failures, the assess-
ment of the recovery time of partial or full system functions,
and the minimum supply to the population.

When working with scenarios, models and data, the topic
of uncertainty cannot be neglected. With version V1.0 in year
2, we asked participants if they thought it was important to
visualize the uncertainty of the results shown in the demon-
strator. While the researchers are aware that the data and
model results included in the system are subject to epistemic
and aleatory uncertainties, the results of the feedback pro-
cess left the impression that the issue of uncertainty receives
little attention in the practice of users involved in planning
or disaster risk management. In year 2, out of all responses
only 7 % of participants replied that it is less important to
visualize these uncertainties, and 4 % rated it as moderately
important, 40 % as highly important and 31 % as very highly
important. A total of 18 % agreed that it is very important to
visualize uncertainties. The discussion on uncertainties dur-
ing the joint workshops in year 3 seems to have increased the
awareness of the topic, as 29 % of stakeholders confirmed
that it is very important to visualize uncertainties, in addi-
tion to 34 % rating it as very highly important. Another 20 %
rated it as moderately important and only 17 % as less impor-
tant (Fig. 10c).
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Figure 8. With the demonstrator light a user can compare two different scenarios to explore the different impacts. In the left panel a scenario
with a Mw 8.9 earthquake is displayed, whereas in the right panel a scenario with a Mw 8.5 earthquake is shown. The selected result shows the
estimated tsunami inundation for each scenario. Map data © OpenStreetMap contributors 2023. Distributed under the Open Data Commons
Open Database License (ODbL) v1.0.

Regarding possible practical applicability, the question
was asked of how likely it is that potential users would use
the tool for their practical work. For the V0.1 version pre-
sented in year 1, 18 % of the participants rated the possibility
of using such a tool as moderate, 64 % as high and 18 % as to-
tally. In year 2 (version V1.0) potential users responded that
it is very less (4 %) and less (4 %) likely that they would use
the tool in their practical work. The majority rated the likeli-
hood of using the tool as moderate (21 %) and high (59 %).
While 8 % considered this to be very high, 4 % answered that
they certainly would use such a tool. The practical applica-
bility of version V2.0 in year 3 was rated as follows: 8 % of
participants said they would be moderately likely to use the
tool, while 39 % said they would be highly likely and 39 %
very highly likely to use it. Finally, 14 % of respondents said
that they likely would use the tool if it was available. Al-
though there was a slight decrease in the proportion who are
very likely to use the tool (year 1: 18 %; year 3: 14 %), we be-
lieve it is fair to say that the overall percentage has increased,
as 39 % were very likely to use the tool in year 3, while this
answer was not given at all in year 1 (Fig. 10d).

As part of the user feedback process, we discussed with
the workshop participants potential fields of application.
Most respondents saw great potential in the fields of disaster

risk management, spatial planning and risk communication
(Fig. 11).

During specific user workshops, we further assessed the
usefulness of the tool for local disaster risk management and
spatial planning in the study area. It was found that the multi-
scenario approach provided by the demonstrator has limited
relevance to current disaster risk management and spatial
planning, as these processes in Peru need to be based on
a fixed reference scenario with clear specifications of data
and methods provided by national authorities that are al-
ready supported by existing GIS tools. However, it has also
been recognized as an interactive tool for gaining a better
understanding of complex risk situations. It can therefore be
used as a complementary tool to existing information sys-
tems. In addition to the three topics described above, the ar-
eas of policy-making (e.g. investment planning) and disaster
risk response have been identified as further fields of appli-
cation. Even though the tool’s main application field is in
disaster risk reduction, users in Lima also expressed the po-
tential of using the tool for the initial assessment of the situ-
ation in the aftermath of a disaster from complex multi-risk
situations and cascading effects. In this case the architecture
of the tool would have to be adapted to the requirements in
the response phase after a disaster. Since it is reasonable to
assume that communications and internet connections could
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Figure 9. The demonstrator light offers a mode which allows a user to explore different steps within a scenario. In this example, the
estimated tsunami inundation for a Mw 8.9 earthquake is shown on the left. On the right, the accumulated damage (in terms of repairing
costs of the corresponding building class in US dollars) after the occurrence of the selected earthquake and tsunami is visualized. Map data
© OpenStreetMap contributors 2023. Distributed under the Open Data Commons Open Database License (ODbL) v1.0.

be interrupted during a disaster, the tool would need to op-
erate locally without depending on an internet connection.
For applications in the prevention and preparedness phase, it
is desirable to have a decentralized architecture like the one
in the demonstrator, allowing the connection of servers that
store various data that can be updated regularly.

4 Discussion and conclusions

In this paper, we presented one (of many possible) ap-
proach(es) to multi-risk analysis that can make a practi-
cal contribution to the implementation of global risk reduc-
tion goals. With the presented information system for multi-
risk assessment, we prove that such a system can recon-
cile scientific research with its corresponding data and mod-
els with user requirements for describing different scenarios
of a complex multi-risk situation and can support decision-
making. In the following, we would like to discuss various
aspects, including limitations.

i. Relevance and acceptance. Users have recognized the
relevance of the topic right from the beginning and have
expressed a high demand. This is certainly also because
the topic of multi-risk is becoming increasingly rele-
vant in practice and there are still few practical options

available for dealing with these new challenges. Various
users wanted to use the tool directly in its first version as
they recognized great potential in communicating scien-
tific results to decision-makers. With this, we emphasize
following the recommendations on supporting the de-
velopment of user-friendly systems and services as ar-
ticulated in the Sendai Framework (UNISDR, 2015a, p.
14–16).

ii. Story-based scenario approach. The story-based ap-
proach enables users to simulate various scenarios in
one defined multi-risk situation (“story”) and to com-
pare the results accordingly. The multi-scenario ap-
proach may be interesting for the development of strate-
gies to strengthen or develop resilience strategies or to
check the robustness of planned or already implemented
measures (e.g. with reference scenarios) under different
hazard scenarios (“stress test”) or changing conditions.
However, the multi-scenario approach has limitations in
some applications, especially when there are mandatory
requirements to use a predefined reference scenario for
practical planning processes. This is especially the case
for local DRM planning.

iii. Complexity. Multi-risk situations can become very com-
plex. Obviously, models and scenarios are always in-
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Figure 10. Feedback from the user perspective obtained during the three development stages (mock-up V0.1, versions V1.0 and V2.0) of
the demonstrator for a multi-risk information system for years 1 (V0.1), 2 (V1.0) and 3 (V2.0). The diagrams represent 4 selected questions
(out of a total of 45) on the information content (Fig. 10a–c) and applicability of the tool (Fig. 10d) asked to stakeholders in Lima (V0.1 was
evaluated by 11 participants, V1.0 by 46 participants and V2.0 by 37 participants).

Figure 11. Feedback from the user perspective on the potential of
practical applicability obtained in a hands-on workshop with stake-
holders and potential users (12 participants) in Lima during the de-
velopment process of the demonstrator for a multi-risk information
system in year 3 (V2.0).

complete as they only can approximate the complexity
of real situations (see, for example, the risk framework
introduced by Taubenböck et al., 2008, with the mani-
fold and still incomplete indicators for operationaliza-
tion). The analytical process of the interactions of ele-
ments in scenarios is furthermore confined to selected
processes. For demonstration purposes, we limited our-
selves to the physical elements of vulnerability (build-
ings, critical infrastructure). Table 3 lists the numerous
and partly high-resolution input data for the relatively

simple earthquake–tsunami story, and this is already a
minimal data set to model and approximate the situa-
tion realistically with considerable uncertainties. More
high-resolution data sets can improve the modelling and
reduce the uncertainties. An important factor in the eval-
uation of data inputs is certainly the available IT re-
sources for processing and modelling. Economic, envi-
ronmental, political, social and societal aspects of vul-
nerability were left out, which, however, is not imply-
ing any judgement on their relevance for assessing and
understanding vulnerability. This, of course, resulted
in a considerably limited representation of what would
happen in a real disaster situation. This limitation was
openly addressed and made transparent in the feedback
process. Despite this limitation, the stakeholders still
rated the potential of the tool as high, considering the
results of the physical vulnerability assessment, and it
has stimulated them to develop new strategies for ca-
pacity building and resilience measures. Ultimately, the
tool is designed in such a way that interested parties can
integrate social factors of vulnerability at any time dur-
ing adaptation and further development of the multi-risk
story. To allow for this, we made the framework and its
source code publicly available.

iv. Uncertainties. We presented an approach which is based
on multi-risk stories and scenarios, which implies a va-
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riety of uncertainties throughout the analytical process.
A first dimension of uncertainty is derived from the se-
lection of the elements to consider in the stories and
the description of interactions among them, followed by
further uncertainties, e.g. due to a lack of knowledge
(epistemic uncertainties) or due to the inherent varia-
tion associated with the environment under considera-
tion (aleatory uncertainty) (e.g. Oberkampf et al., 2002).
Moreover, uncertainties are interlinked along a multi-
risk chain and can not only add up but ultimately re-
inforce each other. We call for the inclusion of mech-
anisms to visualize the uncertainties of the risk assess-
ment, preferably in graphical form and without the use
of technical jargon, to allow appropriate communication
with users about the respective level of uncertainty.

v. Practical applicability. The experience throughout the
development process showed that the modelling of com-
plex multi-risk situations is challenging and subject to
limitations in representing what can happen (see point
iii) as well as to significant uncertainties (see point iv).
This leads to the conclusion that the results generated
by the tool have rather an orienting character and that
the main purpose of the tool is mainly to be an explo-
ration tool to better understand complex risk situations.
It should therefore be understood as an instrument that
complements already existing information systems and
planning tools in the different fields of application.

vi. Decentralized architecture. The selected decentralized
architecture certainly has advantages ranging from (1)
updated information, as the data and models in the spe-
cialized institutions are usually refreshed on a regular
basis; to (2) modularity, flexibility and scalability of
multi-risk situations; and to (3) easier data exchange be-
tween institutions, as data remain at their point of orig-
in/host. However, despite the use of international stan-
dards such as the geospatial WPS defined by the OGC,
the integration of new web services into the tool re-
quires adaptations of the underlying orchestration struc-
ture. Thus, the (re-)combination of web services to form
a new multi-risk chain calls for in-depth knowledge. We
do see the potential of the approach for other multi-
risk stories, e.g. landslides after an earthquake, failure
of drinking water infrastructure or evacuation of the af-
fected population, but recommend analysing in advance
the transfer efforts.

vii. Transferability and scalability. The approach was pre-
sented for an earthquake–tsunami multi-risk story for
the Lima metropolitan area in Peru. Regarding the trans-
ferability to another region, we report that we have ap-
plied the approach in two further case studies. In the
coastal area of Greater Valparaíso, Chile (see Gómez
Zapata et al., 2021d; Gómez Zapata et al., 2022a), the
multi-risk story was like the Lima metropolitan area,

focusing on the earthquake and tsunami cascade affect-
ing housing and critical power grid infrastructure. In
Ecuador the approach has also been adapted for com-
pound hazards (two hazard events happening in paral-
lel), analysing the impacts of ash fall and lahar around
the volcano Cotopaxi in Ecuador (see Gómez Zapata
et al., 2021a). Similar to the Peru case study, a feed-
back process with four iterations involving comparable
stakeholder groups was implemented. The use of sim-
ilar questionnaires in the three country studies helped
in comparing results from the feedback. The results
showed that comments on the main features of the tool
were consistent across the case studies. Of course, there
were specific points to consider in the individual coun-
tries, for example, regarding the colours used to dis-
play the results or the damage classes, as participating
countries use different damage categories and colour
codes. To ensure the transferability and scalability of
our approach, the tool was designed from the outset to
be adaptable to all types of complex multi-risk stories
(see point iii on “complexity”) at different scales and
to accommodate national or local preferences regarding
damage categories or colour codes.

viii. Operational system. Users showed strong interest in the
presented tool. However, the transfer from a demon-
strator system to an operational service requires fur-
ther efforts along with a clear commitment and solid
institutional embedding. As we have chosen a decen-
tralized service-oriented architecture (SOA) with dis-
tributed web services for the demonstrator, the individ-
ual web services (see Table 3) can also be integrated
in already existing information systems. The interaction
with the web services is achieved using the Web Pro-
cessing Service (WPS) interface’s standard guidelines
published by the Open Geospatial Consortium (OGC;
WPS, 2018) and is openly documented. Interoperabil-
ity is achieved by a thorough harmonization of input
and output formats and the use of on-the-fly convert-
ers. Dedicated WPSs create simulations of intensity
maps for specific hazards on the fly (e.g. for earthquake
ground motion simulation) or by querying a list of pre-
simulated events (e.g. for tsunami inundation maps). We
recommend a partnership between research institutions,
public authorities and service providers, whereas one
key authority should act as the hosting institution to in-
tegrate the tool or individual web services. The integra-
tion process itself requires profound knowledge in both
the models and IT programming (both backend services
and frontend development), which needs the interac-
tion of different specialized institutions and professional
support from IT experts.

ix. Data availability and data exchange. As experience
shows, data are often available, but data exchange re-
mains challenging. The use of web services is a promis-
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ing option for the exchange of information between in-
stitutions. Data do not need to be stored at a central-
ized place (and with this becoming outdated) but can
be updated regularly by the host. An open-data policy
(FAIR principles) eases this process but calls for inter-
institutional agreements and rules of procedure. Where
data availability is still critical (e.g. detailed exposure
information), the scientific community can support the
creation of enhanced data sets. Our experience shows
that users are often satisfied with rough estimates of
“what-if” scenarios. In strongly application-oriented re-
search, it is vital to find a balance between maximum
accuracy and practical applicability.

x. Co-creation with users. Our experience of collabora-
tion between researchers, software developers and dif-
ferent potential users confirms that users’ satisfaction
with their involvement and the resulting system are in-
terdependent, with the degree of user satisfaction evolv-
ing at different stages of the development process, as
postulated by Bano (2017). It also confirms that involv-
ing users as a primary source of information is an effec-
tive means of capturing system requirements (Kujala,
2003). However, collaboration requires a strong engage-
ment from all sides. We agree that the role of users in
such a process must be carefully considered (Kujala,
2003), and we therefore applied a moderated process
which allows user demands to be communicated to the
researchers and developers without outweighing the sci-
entific relevance. At the same time, the involved user
must be aware and able to cope with trade-offs and com-
promises, as not all requirements may be addressed or
they might not be able to benefit directly from the tool
while it is still under development or in a demonstrator
stage. To avoid false expectations and misunderstand-
ings, we emphasize that transparency and clear state-
ments are crucial throughout the user involvement pro-
cess. Additionally, users (often) do not have the scien-
tific expertise to adequately describe the individual pro-
cesses in a multi-risk chain. Since the approach is based
on the description of a multi-risk story, this story must
always be defined in a joint dialogue between users, re-
searchers and software developers. In our experience,
much of the mutual learning took place during face-to-
face interaction rather than digitally. With this in mind,
the design of such a collaboration must be critically bal-
anced against the quite justified demand for more cost-
efficient methods of capturing implicit user needs and
requirements in real product development contexts (Ku-
jala 2003).

Further lessons learnt and recommendations for action are
given in Schoepfer et al. (2024).

In conclusion, we have demonstrated that the tool can cal-
culate and visualize the cumulative effects of successive haz-
ard events. Despite some limitations, in particular regarding

already standardized planning processes and the exploratory
nature of the tool, users see great potential for different fields
of application, and a high expectation was expressed, espe-
cially from the user side in the local pilot area, that the devel-
oped tool would be available and applicable locally. Based on
these findings, it appears reasonable that the research com-
munity continues working with users on the ground. Fur-
ther research in the field of multi-risk assessment is certainly
needed, among others, to improve the physical vulnerabil-
ity assessment of various hazards. The standardization of
damage scales into a transversal one across hazards will be
an important aspect for the scientific community to address.
Complementarily, the derivation of state-dependent analyti-
cal fragility also deserves more research attention to be op-
timized in the future through more refined approaches. We
also recommend that future work integrate social vulnerabil-
ity. Here, it could be of importance to investigate whether and
how the social vulnerability of certain demographic groups
differs in terms of their response to future crises. Our findings
also support the call to science to contribute to an evidence-
based policy. After all, the future will tell us how much such
a tool can help in planning for catastrophic events and what,
in the end, can technologically not be forecasted but is simply
fate.

Code and data availability. Repositories of the projects
RIESGOS and RIESGOS 2.0 are provided as open-
source code on GitHub at https://github.com/riesgos/
dlr-riesgos-frontend/tree/2.0.6-peru (last access: 12 Decem-
ber 2024, https://doi.org/10.5281/zenodo.8024669, Langbein
et al., 2023) and https://github.com/gfzriesgos (last access: 20
May 2024, https://doi.org/10.5880/riesgos.2021.011, Brinck-
mann et al., 2021; https://doi.org/10.5880/riesgos.2021.004,
Weatherill et al., 2021; https://doi.org/10.5880/riesgos.2021.003,
Pittore et al., 2021a; https://doi.org/10.5880/riesgos.2021.005,
Pittore et al., 2021b). DOI-referenced data from the RIES-
GOS and RIESGOS 2.0 project are hosted at the GFZ Ger-
man Research Centre for Geosciences at https://dataservices.
gfz-potsdam.de/portal/?q=riesgos* (last access: 20 May 2024)
(https://doi.org/10.5880/riesgos.2021.008, Gómez Zapata et al.,
2021c; https://doi.org/10.5880/riesgos.2021.006, Gómez Zapata
et al., 2021e; https://doi.org/10.5880/riesgos.2021.007, Gómez
Zapata et al., 2021f; https://doi.org/10.5880/riesgos.2022.003,
Gómez Zapata and Pittore, 2022c;
https://doi.org/10.5880/riesgos.2022.002, Gómez Zapata et
al., 2022d; https://doi.org/10.5880/riesgos.2021.010, Harig and
Rakowsky, 2021; https://doi.org/10.5880/riesgos.2024.001, Harig
et al., 2024; https://doi.org/10.5880/riesgos.2021.004, Weatherill
et al., 2021) and at the Technical University Munich (TUM) at
https://doi.org/10.14459/2024MP1735865 (Rosero-Velásquez,
2024).

Supplement. The questionnaires are provided as a supplement to
this paper. The supplement related to this article is available online
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Hochrainer-Stigler, S., Šakić Trogrlić, R., Reiter, K., Ward,
P. J., de Ruiter, M. C., Duncan, M. J., Torresan, S.,
Ciurean, R., Mysiak, J., Stuparu, D., and Gottardo, S.: To-
ward a framework for systemic multi-hazard and multi-
risk assessment and management, iScience, 26, 106736,
https://doi.org/10.1016/j.isci.2023.106736, 2023.

Hossain, S., Spurway, K., Zwi, A. B., Huq, N. L., Mamun, R.,
Islam, R., Nowrin, I., Ether, S., Bonnitcha, J., Dahal, N., and
Adams, A. M.: What is the impact of urbanisation on risk
of, and vulnerability to, natural disasters? What are the effec-
tive approaches for reducing exposure of urban population to
disaster risks? London: EPPI Centre, Social Science Research
Unit, UCL Institute of Education, University College London,
https://eppi.ioe.ac.uk/cms/Default.aspx?tabid=3707 (last access:
20 May 2024), 2017.

INDECI: Escenario sísmico para Lima Metropolitana y Callao:
Sismo 8.8 Mw, CEPIG, https://portal.indeci.gob.pe/wp-content/
uploads/2019/01/201711231521471-1.pdf, last access: 20 May
2024), 2017.

INDECI: Compendio estadístico del INDECI 2020. En la
Preparación, Respuesta y Rehabilitiación de la GRD. Infor-
mación estadística de emergencias y danos, period 2003 al
2019, https://cdn.www.gob.pe/uploads/document/file/1689973/
CAPITULO%20III.%20Estad%C3%ADstica%20Series%
202003-2019.pdf?v=1614182435 (last access: 20 May 2024),
2020.

INEI: Censos Nacionales 2017, Instituto Nacional de Estadistica e
Informatica (INEI; Institute of Statistic and Informatics), Lima,
Peru, 2017.

INEI: Sistema estadístico nacional: Perú Compendio Estadís-
tico 2022, https://www.inei.gob.pe/media/MenuRecursivo/
publicaciones_digitales/Est/Lib1872/COMPENDIO2022.html
(last access: 20 May 2024), 2022.

Intergovernmental Oceanographic Commission: Tsunami
Glossary, Fourth Edition, Paris, UNESCO, IOC Techni-
cal Series, 85, (English, French, Spanish, Arabic, Chi-
nese), IOC/2008/TS/85 rev.4, https://unesdoc.unesco.
org/ark:/48223/pf0000188226?posInSet=1&queryId=
aeb846ae-edfb-4d66-a03a-385a5d5897f0 (last access: 6
December 2024), 2019.

Jarke, M., Bui, T., and Carroll, J.: Scenario Management:
An Interdisciplinary Approach, Requir. Eng., 3, 155–173,
https://doi.org/10.1007/s007660050002, 1998.

Jimenez, C., Moggiano, N., Mas, E., Adriano, B., Koshimura, S.,
Fujii, Y., and Yanagisawa, H.: Seismic Source of 1746 Callao
Earthquake from Tsunami Numerical Modeling, Journal of Dis-
aster Research, 8, 266–273, 2013.

Joint Research Centre (European Commission), Luoni, S., Antofie,
T. E., Eklund, L. G., and Marín Ferrer, M.: Update of risk data
hub software and data architecture: software solutions for disas-
ter risk management, Publications Office of the European Union,
LU, https://doi.org/10.2760/798003, 2020.

Kappes, M., Keiler, M., and Glade, T.: From Single- to Multi-
Hazard Risk analyses: a concept addressing emerging chal-
lenges, Mountain risks: Bringing science to society, Proceedings
of the international conference, Florence, 24–26 November
2010, 351–356, https://www.researchgate.net/publication/
260692785_From_Single-_to_Multi-Hazard_Risk_analyses_
a_concept_addressing_emerging_challenges (last access: 6
December 2024), 2010.

Kappes, M. S., Keiler, M., von Elverfeldt, K., and Glade, T.: Chal-
lenges of analyzing multi-hazard risk: a review, Nat. Hazards, 64,
1925–1958, https://doi.org/10.1007/s11069-012-0294-2, 2012.

Karat, J.: Evolving the scope of user-centered design, Commun.
ACM, 40, 33–38, https://doi.org/10.1145/256175.256181, 1997.

Kent, B., Beedle, M., van Bennekum, A., Cockburn, A., Cun-
ningham, W., Fowler, M., Grenning, J., Highsmith, J., Hunt,
A., Jeffries, R., Kern, J., Marick, B., Martin, R. C., Mel-
lor, S., Schwaber, K., Sutherland, J., and Thomas, D.: Mani-
festo for Agile Software Development, Agile Alliance, https:
//agilemanifesto.org/ (last access: 20 May 2024), 2001.

Kling, R.: The Organizational Context of User-Centered Software
Designs, MIS Quart., 1, 41–52, https://doi.org/10.2307/249021,
1977.

Komendantova, N., Mrzyglocki, R., Mignan, A., Khazai, B., Wen-
zel, F., Patt, A., and Fleming, K.: Multi-hazard and multi-risk
decision-support tools as a part of participatory risk governance:

Nat. Hazards Earth Syst. Sci., 24, 4631–4660, 2024 https://doi.org/10.5194/nhess-24-4631-2024

http://purl.flvc.org/fsu/fd/FSU_migr_etd-7396
http://purl.flvc.org/fsu/fd/FSU_migr_etd-7396
https://doi.org/10.1145/3166.3170
https://doi.org/10.5194/nhess-11-53-2011
https://doi.org/10.5880/riesgos.2021.010
https://doi.org/10.1007/s10236-008-0162-5
https://doi.org/10.1007/s00024-019-02305-1
https://doi.org/10.1007/s00024-019-02305-1
https://doi.org/10.5880/riesgos.2024.001
https://doi.org/10.2753/MIS0742-1222250111
https://doi.org/10.1016/j.ress.2012.10.012
https://doi.org/10.1016/j.isci.2023.106736
https://eppi.ioe.ac.uk/cms/Default.aspx?tabid=3707
https://portal.indeci.gob.pe/wp-content/uploads/2019/01/201711231521471-1.pdf
https://portal.indeci.gob.pe/wp-content/uploads/2019/01/201711231521471-1.pdf
https://cdn.www.gob.pe/uploads/document/file/1689973/CAPITULO%20III.%20Estad%C3%ADstica%20Series%202003-2019.pdf?v=1614182435
https://cdn.www.gob.pe/uploads/document/file/1689973/CAPITULO%20III.%20Estad%C3%ADstica%20Series%202003-2019.pdf?v=1614182435
https://cdn.www.gob.pe/uploads/document/file/1689973/CAPITULO%20III.%20Estad%C3%ADstica%20Series%202003-2019.pdf?v=1614182435
https://www.inei.gob.pe/media/MenuRecursivo/publicaciones_digitales/Est/Lib1872/COMPENDIO2022.html
https://www.inei.gob.pe/media/MenuRecursivo/publicaciones_digitales/Est/Lib1872/COMPENDIO2022.html
https://unesdoc.unesco.org/ark:/48223/pf0000188226?posInSet=1&queryId=aeb846ae-edfb-4d66-a03a-385a5d5897f0
https://unesdoc.unesco.org/ark:/48223/pf0000188226?posInSet=1&queryId=aeb846ae-edfb-4d66-a03a-385a5d5897f0
https://unesdoc.unesco.org/ark:/48223/pf0000188226?posInSet=1&queryId=aeb846ae-edfb-4d66-a03a-385a5d5897f0
https://doi.org/10.1007/s007660050002
https://doi.org/10.2760/798003
https://www.researchgate.net/publication/260692785_From_Single-_to_Multi-Hazard_Risk_analyses_a_concept_addressing_emerging_challenges
https://www.researchgate.net/publication/260692785_From_Single-_to_Multi-Hazard_Risk_analyses_a_concept_addressing_emerging_challenges
https://www.researchgate.net/publication/260692785_From_Single-_to_Multi-Hazard_Risk_analyses_a_concept_addressing_emerging_challenges
https://doi.org/10.1007/s11069-012-0294-2
https://doi.org/10.1145/256175.256181
https://agilemanifesto.org/
https://agilemanifesto.org/
https://doi.org/10.2307/249021


E. Schoepfer et al.: A modular approach for user-centric multi-risk assessment 4657

Feedback from civil protection stakeholders, Int. J. Disast. Risk
Re., 8, 50–67, https://doi.org/10.1016/j.ijdrr.2013.12.006, 2014.

Krieger, G., Moreira, A., Fiedler, H., Hajnsek, I., Werner, M.,
Younis, M., and Zink, M.: TanDEM-X: A Satellite Formation for
High-Resolution SAR Interferometry, IEEE T. Geosci. Remote,
45, 3317–3341, https://doi.org/10.1109/TGRS.2007.900693,
2007.

Kropf, C. M., Ciullo, A., Otth, L., Meiler, S., Rana, A., Schmid, E.,
McCaughey, J. W., and Bresch, D. N.: Uncertainty and sensitivity
analysis for probabilistic weather and climate-risk modelling: an
implementation in CLIMADA v.3.1.0, Geosci. Model Dev., 15,
7177–7201, https://doi.org/10.5194/gmd-15-7177-2022, 2022.

Kulikov, E. A., Rabinovich, A. B., and Thomson, R. E.: Estima-
tion of Tsunami Risk for the Coasts of Peru and Northern Chile,
Nat. Hazards, 35, 185–209, https://doi.org/10.1007/s11069-004-
4809-3, 2005.

Kujala, S.: User involvement: A review of the bene-
fits and challenges, Behav. Inform. Technol., 22, 1–16,
https://doi.org/10.1080/01449290301782, 2003.

Langbein, M., Boeck, M., and Mandery, N.: riesgos/dlr-
riesgos-frontend: 2.0.6-peru, Zenodo [code],
https://doi.org/10.5281/zenodo.8024669, 2023.

Leyton, F., Ruiz, S., and Sepúlveda, S. A.: Preliminary re-
evaluation of probabilistic seismic hazard assessment in Chile:
from Arica to Taitao Peninsula, Adv. Geosci., 22, 147–153,
https://doi.org/10.5194/adgeo-22-147-2009, 2009.

Li, M., Wang, J., and Sun, X.: Scenario-based risk framework se-
lection and assessment model development for natural disasters:
a case study of typhoon storm surges, Nat. Hazards, 80, 2037–
2054, https://doi.org/10.1007/s11069-015-2059-1, 2016.

Liu, Z., Nadim, F., Garcia-Aristizabal, A., Mignan, A., Flem-
ing, K., and Luna, B. Q.: A three-level framework for
multi-risk assessment, Georisk: Assessment and Management
of Risk for Engineered Systems and Geohazards, 9, 5974,
https://doi.org/10.1080/17499518.2015.1041989, 2015.

Liu, B., Siu, Y. L., and Mitchell, G.: Hazard interaction analysis for
multi-hazard risk assessment: a systematic classification based
on hazard-forming environment, Nat. Hazards Earth Syst. Sci.,
16, 629–642, https://doi.org/10.5194/nhess-16-629-2016, 2016.

López-Saavedra, M. and Martí, J.: Reviewing the multi-hazard
concept, Application to volcanic islands, Earth-Sci. Rev., 236,
104286, https://doi.org/10.1016/j.earscirev.2022.104286, 2023.

Marin Ferrer, M., Antofie, T., Eklund, G., and Luoni, S.: The
Disaster Risk Management Knowledge Center – Risk Data
Hub: Vision Paper & roadmap, European Commission, Ispra,
JRC119384, https://drmkc.jrc.ec.europa.eu/doc/18150 (last ac-
cess: 6 December 2024), 2019.

Marzocchi W., Mastellone M. L., Di Ruocco A., Novelli P., Romeo
E., and Gasparini P.: Principles of multi-risk assessment: inter-
action amongst natural and man-induced risks (Project report),
Office for Official Publications of the European Communities,
Luxembourg, https://doi.org/10.2777/30886, 2009.

Meaux, A. and Osofisan, W.: A review of context analysis tools
for urban humanitarian response, https://www.iied.org/10797iied
(last access: 20 May 2024), 2016.

Medina, S.: Zonificación de la vulnerabilidad física para edifica-
ciones típicas en San Andrés de Tumaco, Costa Pacífica Colom-
biana, Master thesis in Civil Engineering, Universidad Na-
cional de Colombia Facultad de Ingeniería, Departamento In-

geniería Civil y Ambiental, Bogotá, Colombia, 245 pp., https:
//repositorio.unal.edu.co/handle/unal/77178 (last access: 6 De-
cember 2024), 2019.

Medina, S., Lizarazo-Marriaga, J., Estrada, M., Koshimura,
S., Mas, E., and Adriano, B.: Tsunami analytical fragility
curves for the Colombian Pacific coast: A reinforced
concrete building example, Eng. Struct., 196, 109309,
https://doi.org/10.1016/j.engstruct.2019.109309, 2019.

Merscher, C.: Seismic and Tsunami Hazard Analysis and cascading
Effects to the Power Network in Lima and Callao, Peru. Master’s
thesis, Technical University of Munich, Germany, 2020.

Mignan, A., Wiemer, S., and Giardini, D.: The quantifica-
tion of low-probability–high-consequences events: part I. A
generic multi-risk approach, Nat. Hazards, 73, 1999–2022,
https://doi.org/10.1007/s11069-014-1178-4, 2014.

Montalva, G. A., Bastías, N., and Rodriguez-Marek, A.:
Ground-Motion Prediction Equation for the Chilean Sub-
duction Zone, B. Seismol. Soc. Am., 107, 901–911,
https://doi.org/10.1785/0120160221, 2017.

Munich RE: Relevant natural catastrophe loss events
worldwide 2021, https://www.munichre.com/content/
dam/munichre/mrwebsiteslaunches/natcat-2022/
NatCat-Weltkarte-2021-1920x1080.pdf/_jcr_content/
renditions/original./NatCat-Weltkarte-2021-1920x1080.pdf
(last access: 20 May 2024), 2022.

Negulescu, C., Smai, F., Quique, R., Hohmann, A., Clain,
U., Guidez, R., Tellez-Arenas, A., Quentin, A., and Grand-
jean, G.: VIGIRISKS platform, a web-tool for single and
multi-hazard risk assessment, Nat. Hazards, 115, 593–618,
https://doi.org/10.1007/s11069-022-05567-6, 2023.

Neri, A., Aspinall, W. P., Cioni, R., Bertagnini, A., Baxter,
P. J., Zuccaro, G., Andronico, D., Barsotti, S., Cole, P.
D., Esposti Ongaro, T., Hincks, T. K., Macedonio, G., Pa-
pale, P., Rosi, M., Santacroce, R., and Woo, G.: Develop-
ing an Event Tree for probabilistic hazard and risk assess-
ment at Vesuvius, J. Volcanol. Geoth. Res., 178, 397–415,
https://doi.org/10.1016/j.jvolgeores.2008.05.014, 2008.

Neri, M., Le Cozannet, G., Thierry, P., Bignami, C., and Ruch, J.:
A method for multi-hazard mapping in poorly known volcanic
areas: an example from Kanlaon (Philippines), Nat. Hazards
Earth Syst. Sci., 13, 1929–1943, https://doi.org/10.5194/nhess-
13-1929-2013, 2013.

Nievas, C. I., Bommer, J. J., Crowley, H., van Elk, J., Nti-
nalexis, M., and Sangirardi, M.: A database of damaging small-
to-medium magnitude earthquakes, J Seismol, 24, 263–292,
https://doi.org/10.1007/s10950-019-09897-0, 2020.

Norman, D. A. and Draper, W. (Eds.): User-Centered System
Design: New Perspectives on Human-Computer Interaction,
University of California, San Diego, Taylor and Francis,
526 pp., https://www.taylorfrancis.com/books/edit/10.1201/
9780367807320/user-centered-system-design-donald-norman
(last access: 6 December 2024), 1986.

Oberkampf, W. L., DeLand, S. M., Rutherford, B. M., Diegert,
K. V., and Alvin, K. F.: Error and uncertainty in model-
ing and simulation, Reliab. Eng. Syst. Safe., 75, 333–357,
https://doi.org/10.1016/S0951-8320(01)00120-X, 2002.

OECD (Organistation for Economic Co-operation and De-
velopment): Disaster Risk Assessment and Risk Fi-

https://doi.org/10.5194/nhess-24-4631-2024 Nat. Hazards Earth Syst. Sci., 24, 4631–4660, 2024

https://doi.org/10.1016/j.ijdrr.2013.12.006
https://doi.org/10.1109/TGRS.2007.900693
https://doi.org/10.5194/gmd-15-7177-2022
https://doi.org/10.1007/s11069-004-4809-3
https://doi.org/10.1007/s11069-004-4809-3
https://doi.org/10.1080/01449290301782
https://doi.org/10.5281/zenodo.8024669
https://doi.org/10.5194/adgeo-22-147-2009
https://doi.org/10.1007/s11069-015-2059-1
https://doi.org/10.1080/17499518.2015.1041989
https://doi.org/10.5194/nhess-16-629-2016
https://doi.org/10.1016/j.earscirev.2022.104286
https://drmkc.jrc.ec.europa.eu/doc/18150
https://doi.org/10.2777/30886
https://www.iied.org/10797iied
https://repositorio.unal.edu.co/handle/unal/77178
https://repositorio.unal.edu.co/handle/unal/77178
https://doi.org/10.1016/j.engstruct.2019.109309
https://doi.org/10.1007/s11069-014-1178-4
https://doi.org/10.1785/0120160221
https://www.munichre.com/content/dam/munichre/mrwebsiteslaunches/natcat-2022/NatCat-Weltkarte-2021-1920x1080.pdf/_jcr_content/renditions/original./NatCat-Weltkarte-2021-1920x1080.pdf
https://www.munichre.com/content/dam/munichre/mrwebsiteslaunches/natcat-2022/NatCat-Weltkarte-2021-1920x1080.pdf/_jcr_content/renditions/original./NatCat-Weltkarte-2021-1920x1080.pdf
https://www.munichre.com/content/dam/munichre/mrwebsiteslaunches/natcat-2022/NatCat-Weltkarte-2021-1920x1080.pdf/_jcr_content/renditions/original./NatCat-Weltkarte-2021-1920x1080.pdf
https://www.munichre.com/content/dam/munichre/mrwebsiteslaunches/natcat-2022/NatCat-Weltkarte-2021-1920x1080.pdf/_jcr_content/renditions/original./NatCat-Weltkarte-2021-1920x1080.pdf
https://doi.org/10.1007/s11069-022-05567-6
https://doi.org/10.1016/j.jvolgeores.2008.05.014
https://doi.org/10.5194/nhess-13-1929-2013
https://doi.org/10.5194/nhess-13-1929-2013
https://doi.org/10.1007/s10950-019-09897-0
https://www.taylorfrancis.com/books/edit/10.1201/9780367807320/user-centered-system-design-donald-norman
https://www.taylorfrancis.com/books/edit/10.1201/9780367807320/user-centered-system-design-donald-norman
https://doi.org/10.1016/S0951-8320(01)00120-X


4658 E. Schoepfer et al.: A modular approach for user-centric multi-risk assessment

nancing A G20/OECD Methodological Framework,
https://doi.org/10.1787/8f48d476-en, 2012.

Olarte, J., Aguilar, Z., Zavala, C., Martinez, A., and Gallardo,
J.: Estimate of the probable maximum loss PML in Lima
and Callao: Application to the Peruvian insurance indus-
try, https://www.researchgate.net/publication/228758296_
ESTIMATE_OF_THE_PROBABLE_MAXIMUM_LOSS_
PML_IN_LIMA_AND_CALLAO_APPLICATION_TO_
THE_PERUVIAN_INSURANCE_INDUSTRY (last access: 6
December 2024), 2008.

OSINERGMIN: Organismo Supervisor de la Inversión en Energía
y Minería, https://www.gob.pe/osinergmin (last access: 20 May
2024), 2019.

Ouyang, M., Dueñas-Osorio, L., and Min, X.: A three-
stage resilience analysis framework for urban in-
frastructure systems, Struct. Saf., 36–37, 23–31,
https://doi.org/10.1016/j.strusafe.2011.12.004, 2012.

Owolabi, T. A. and Sajjad, M.: A global outlook on
multi-hazard risk analysis: A systematic and sciento-
metric review, Int. J. Disast. Risk Re., 92, 103727,
https://doi.org/10.1016/j.ijdrr.2023.103727, 2023.

Pagani, M., Monelli, D., Weatherill, G., Danciu, L., Crow-
ley, H., Silva, V., Henshaw, P., Butler, L., Nastasi, M.,
Panzeri, L., Simionato, M., and Vigano, D.: OpenQuake
Engine: An Open Hazard (and Risk) Software for the
Global Earthquake Model, Seismol. Res. Lett., 85, 692–702,
https://doi.org/10.1785/0220130087, 2014.

Pagani, M., Johnson, K., and Garcia Pelaez, J.: Modelling sub-
duction sources for probabilistic seismic hazard analysis, in:
Characterization of Modern and Historical Seismic–Tsunamic
Events, and Their Global–Societal Impacts, edited by: Dilek,
Y., Ogawa, Y., and Okubo, Y., Geological Society of London,
https://doi.org/10.1144/SP501-2019-120, 2021.

Pascale, S., Sdao, F., and Sole, A.: A model for assessing the
systemic vulnerability in landslide prone areas, Nat. Hazards
Earth Syst. Sci., 10, 1575–1590, https://doi.org/10.5194/nhess-
10-1575-2010, 2010.

Paulik, R., Horspool, N., Woods, R., Griffiths, N., Beale, T., Mag-
ill, C., Wild, A., Popovich, B., Walbran, G., and Garlick, R.:
RiskScape: a flexible multi-hazard risk modelling engine, Nat.
Hazards, 199, 1073–1090, https://doi.org/10.1007/s11069-022-
05593-4, 2022.

Pesaresi, M., Ehrlich, D., Kemper, T., Siragusa, A., Florczyk, A.,
Freire, S., and Corbane, C.: Atlas of the human planet 2017,
Global exposure to natural hazards, Joint Research Centre (Eu-
ropean Commission), Luxembourg: Publictations Office of the
European Union, 2017, https://doi.org/10.2760/19837, 2017.

Pitilakis, K., Crowley, H., and Kaynia, A. M. (Eds.): SYNER-G:
Typology Definition and Fragility Functions for Physical Ele-
ments at Seismic Risk: Buildings, Lifelines, Transportation Net-
works and Critical Facilities, Springer Netherlands, Dordrecht,
https://doi.org/10.1007/978-94-007-7872-6, 2014.

Pittore, M., Wieland, M., and Fleming, K.: Perspectives on global
dynamic exposure modelling for geo-risk assessment, Nat.
Hazards, 86, 7–30, https://doi.org/10.1007/s11069-016-2437-3,
2017.

Pittore, M., Gómez Zapata, J. C., Brinckmann, N., Weatherill, G.,
Babeyko, A., Harig, S., Mahdavi, A., Proß, B., Rosero Velasquez,
H. F., Straub, D., Krautblatter, M., Frimberger, T., Langbein, M.,

Geiß, C., and Schoepfer, E.: Towards an integrated framework for
distributed, modular multi-risk scenario assessment, EGU Gen-
eral Assembly 2020, Online, 4–8 May 2020, EGU2020-19097,
https://doi.org/10.5194/egusphere-egu2020-19097, 2020.

Pittore, M., Haas, M., Gomez-Zapata, J. C., Brinckmann, N.,
Rüster, M., and Proß, B.: Quakeledger: a web service to
serve earthquake scenarios. V. 1.0, GFZ Data Services [code],
https://doi.org/10.5880/riesgos.2021.003, 2021a.

Pittore, M., Gomez-Zapata, J. C., Brinckmann, N., and Rüster,
M.: Assetmaster and Modelprop: web services to serve build-
ing exposure models and fragility functions for physical vul-
nerability to natural-hazards. V. 1.0, GFZ Data Services [code],
https://doi.org/10.5880/riesgos.2021.005, 2021b.

Plank, S., Nolde, M., Richter, R., Fischer, C., Martinis, S.,
Riedlinger, T., Schoepfer, E., and Klein, D.: Monitoring
of the 2015 Villarrica Volcano Eruption by Means of
DLR’s Experimental TET-1 Satellite, Remote Sens., 10, 1379,
https://doi.org/10.3390/rs10091379, 2018.

Rakowsky, N., Androsov, A., Fuchs, A., Harig, S., Immerz,
A., Danilov, S., Hiller, W., and Schröter, J.: Operational
tsunami modelling with TsunAWI – recent developments and
applications, Nat. Hazards Earth Syst. Sci., 13, 1629–1642,
https://doi.org/10.5194/nhess-13-1629-2013, 2013.

Rinaldi, S. M., Peerenboom, J. P., and Kelly, T. K.: Iden-
tifying, understanding, and analyzing critical infrastructure
interdependencies, IEEE Contr. Syst. Mag., 21, 11–25,
https://doi.org/10.1109/37.969131, 2001.

Rodríguez, E. E., Portner, D. E., Beck, S. L., Rocha, M. P., Bianchi,
M. B., Assumpção, M., Ruiz, M., Alvarado, P., Condori, C., and
Lynner, C.: Mantle dynamics of the Andean Subduction Zone
from continent-scale teleseismic S -wave tomography, Geophys.
J. Int., 224, 1553–1571, https://doi.org/10.1093/gji/ggaa536,
2020.

Rosero-Velásquez, H.: GitHub – riesgos/System_Reliability: WPS
for performing the reliability of infrastructure networks, https://
github.com/riesgos/System_Reliability (last access: 6 December
2024), 2020.

Rosero-Velásquez, H., Gómez Zapata, J. C. and Straub, D.:
Comparative Assessment of Models of Cascading Failures in
Power Networks Under Seismic Hazard, Proceedings of the
32nd European Safety and Reliability Conference (ESREL
2022), Dublin, Ireland, 28 August–1 September 2022, 1897–
1904, https://doi.org/10.3850/978-981-18-5183-4_S03-03-221-
cd, 2022.

Rosero-Velásquez, H. and Straub, D.: Selection of representative
natural hazard scenarios for engineering systems, Earthq. Eng.
Struct. D., 51, 3680–3700, https://doi.org/10.1002/eqe.3743,
2022.

Rosero-Velásquez, H.: Graph-based model for reliability analysis of
infrastructure networks (1.0), mediaTUM, Technical University
Munich [data set], https://doi.org/10.14459/2024MP1735865,
2024.
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