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1 Introduction

This special issue titled “Multi-risk assessment in the An-
des region” aims at contributing to the growing research
on risk assessment, starting from hazard-specific evaluations
and moving towards multi-hazard and multi-risk assessment.
All contributions relate to applications in the countries of the
Andes region.

In recent decades, risks to society caused by natural haz-
ards have increased worldwide. These include an increase in
the frequency and intensity of socio-natural disasters (Mu-
nich Re, 2023). At the same time, exposure is increasing
due to global population growth (UNDESA, 2022) and in-
creasing exposed assets (Taubenbock et al., 2024). In 2023
socio-natural disasters caused losses of around USD 250 bil-
lion (Munich Re, 2024). In the same year, 74 000 people
died from catastrophes triggered by extreme natural events,
significantly higher than last year’s 5-year average of about
10000 (Munich Re, 2024).

The Andes region is particularly exposed to natural haz-
ards such as earthquakes, tsunamis, floods, landslides, vol-
canic activity, and heatwaves (UNDRR, 2022; Biindnis En-
twicklung Hilft/IFHV, 2023; World Meteorological Organi-
zation (WMO), 2024). These hazards are often not isolated
incidents. Complex situations can arise as a result of different
natural hazards occurring in parallel, occurring sequentially,
or cascading. These complex situations are exacerbated by
the dynamic nature of exposure and vulnerability and the fact
that impacts on vital infrastructures, for example, can fur-
ther increase the criticality for society (cf. Kruse et al., 2021;
Greiving et al., 2021). Neither the natural hazards nor the

nested interactions can be easily predicted, nor can the con-
stantly changing exposure and vulnerabilities of people, as-
sets, and critical infrastructures be easily assessed. As a re-
sult, societies and their decision-makers are often confronted
with hyper-complex risk and disaster situations.

Inadequate or misleading risk management strategies can
undermine effective risk mitigation efforts and compromise
the resilience of societies. Indeed, effective risk management
is essential to mitigate these threats. First and foremost, this
requires reliable and up-to-date information. Among others,
“understanding disaster risk” was defined as a key prior-
ity in the Sendai Framework for Disaster Risk Reduction
2015-2030 (UNISDR, 2015, p. 14). In addition, UNDRR
(2024) recently published The UNDRR Stakeholder Engage-
ment Mechanism (SEM) Action Plan 2024-2025. It is evident
that the active involvement and collaboration of all stake-
holders in the disaster management community is essential
to ensure progress. The research community can play an im-
portant role in providing new data and methods for analysis
and data layers for risk assessment and user-driven applica-
tions.

In the following section, we summarize the 11 papers pub-
lished in this special issue. Figure 1 aggregates the papers as-
signed to the phases of the disaster management cycle, and
they are sorted according to their focus from theory to practi-
cal application. In this special issue the focus is largely on the
prevention and preparedness phases. In addition, each paper
is labelled according to the terminology from single-hazard
to multi-risk assessment, as suggested by Zschau (2017).
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Figure 1. Categorization of the 11 papers of this special issue according to their main focus (from theory to application) and approach (from
single-hazard to multi-risk assessment), grouped according to the disaster management cycle.

2 Research towards multi-risk assessment

The overall aim of this special issue is to inform the disaster
risk community about the latest developments, capabilities,
and limitations regarding comprehensive multi-risk assess-
ment with specific focus on applications in Andean countries.

Risk is a function of three factors: hazard, exposure, and
vulnerability (UNDRR, 2016). Modelling hazards as the po-
tential source of harm or damage is an essential input to risk
assessment. Androsov et al. (2024) contributed with a deter-
mination of which factors are crucial for a robust prediction
of tsunami hazard by simulations. They performed a com-
parative analysis of two numerical models (Tsunami-HySEA
and TsunAWI) for the calculation of tsunamis triggered by
earthquakes off the coast of Peru. In addition to this compar-
ative analysis, the role of nonlinear terms in the numerical
solutions was analysed, since tsunami run-up and inundation
are highly nonlinear processes. Overall, the authors conclude
that nonlinearity is crucial in the estimation of inundated ar-
eas, wave heights, and current velocities, as well as in the
generation of inundation maps.

When dealing with risks, the use of scenarios to describe
possible events and their effects is a common practice in
disaster risk management procedures. However, the selec-
tion criteria do not always consider the consequences for ex-
posed assets. The following two papers address the analysis
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of risk scenarios with two different foci: Rosero-Velasquez et
al. (2024) devoted their research work to a systematic selec-
tion of earthquake scenarios rather than their selection based
on expert knowledge or past events. They adopted a defini-
tion of a representative scenario, associated with return peri-
ods and loss level, for selecting such scenarios among all pos-
sible earthquake scenarios. They identified scenarios for res-
idential buildings and power supply facilities in Valparaiso
and Viiia del Mar, Chile. Potential extensions to this method-
ology may include catalogues of multiple hazards (for exam-
ple, earthquake scenarios with tsunamis), loss calculations
considering indirect impacts, and high-dimensional scenar-
ios (for example, including damage states of individual com-
ponents, either buildings or power network components). Fe-
liciano et al. (2023) performed a seismic risk assessment us-
ing 18 earthquake scenarios for Sabana Centro Province in
Colombia. An exposure model was created by combining in-
formation from the Global Earthquake Model (GEM) Foun-
dation, additional surveys, and national census data. Building
types in the region were assigned corresponding fragility and
vulnerability curves. The OpenQuake (OQ) hazard and risk
assessment tool was used to develop a hazard model for the
region of interest to estimate damage and economic losses.
In addition, a social vulnerability index (SVI) based on de-
mographic information was used to assess direct economic
losses in terms of replacement costs. Results show that 10 %
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of all buildings considered in the region would collapse and
7 % would be severely damaged. The economic losses repre-
sent 14 % of the total replacement cost of the buildings and
21 % of the annual gross domestic product (GDP) of the re-
gion.

The understanding and inclusion of different urban struc-
tures and related vulnerabilities are essential for planning ac-
tivities and practical applications. The research paper from
Aguirre et al. (2024) analysed seven fire case studies in cen-
tral Chile in order to enhance the understanding of risk pro-
files in wildland—urban interface (WUI) areas. They devel-
oped a mixed-methods approach to conducting local-scale
analyses that included field surveys, remote sensing using
satellite and drone imagery, and GIS-based analysis of the
collected data. This resulted in a geo-referenced database
of damaged and un-damaged houses, including 16 vari-
ables representing their physical features, spatial location,
and availability of firefighting means. A binary classifica-
tion model was then used to assess the relative importance
of these attributes as indicators of vulnerability. The analysis
showed that the factors of spatial arrangement have a greater
impact on the prediction of damage than the structural con-
ditions and the fire preparedness of the individual units. In
particular, factors such as the proximity of the dwelling to
neighbours, distance to vegetation, proximity to the bound-
ary of dwelling groups, and distance to the origin of the fire
contribute significantly to the prediction of fire damage. Al-
though more data are required to confirm this, other struc-
tural characteristics associated with less affluent dwellings
may also increase the likelihood of damage. This study has
implications for the design, planning, and management of
WUI areas in Chile. It can provide support in the develop-
ment of risk reduction strategies for both built structures and
the broader territory. The study from Cienfuegos et al. (2024)
carried out a detailed analysis of possible evacuation scenar-
ios, considering the actual state of the evacuation routes of
Iquique, a Chilean city at risk of tsunamis. Iquique has a sig-
nificant number of urban micro-vulnerabilities, i.e. elements
that impede or complicate the flow of pedestrians. Micro-
scale agent-based model (ABM) simulations were used to
quantify the delay in evacuation processes due to the pres-
ence of urban micro-vulnerabilities. Furthermore, these re-
sults were integrated with high-resolution tsunami inunda-
tion simulations. This allowed an estimation of the potential
number of people that the tsunami could reach under differ-
ent scenarios by emulating the dynamics and behaviour of
the population and the decision-making regarding the start
time of the evacuation.

The previous contributions mentioned so far show the im-
portance of having information on the number of people af-
fected. Geil} et al. (2024) went further and projected future
geospatial population distributions to quantify the number
of people living in earthquake- and tsunami-prone areas of
Lima and Callao, Peru, over a 3-year interval until 2035.
The researchers used existing gridded population time se-
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ries (such as WorldPop) that are available worldwide as open
data, and they implemented machine learning models tai-
lored for time series analysis, based on long short-term mem-
ory (LSTM) networks. They concluded that areas with high
seismic hazard seismicity would see population growth of
nearly 30 %. It was estimated that the population in the area
endangered by tsunami inundation would increase by more
than 60 %. The identification and understanding of these re-
lationships can help urban planners and policy-makers to de-
velop effective risk reduction strategies.

The ultimate and rather complex steps towards multi-risk
assessment comprise the consideration of all interactions on
the level of vulnerability for multiple and/or cascading haz-
ards. Gémez Zapata et al. (2023) assessed the cumulative
damage that would occur if a series of events, such as an
earthquake and/or tsunami, occurred in the vicinity of the
capital city of Lima, Peru. Their method is based on propos-
ing state-dependent fragility functions for the respective haz-
ard to account for pre-existing damage and on harmoniz-
ing building classes and damage states through their taxo-
nomic characterization for the different hazards. The results
show that the traditional empirical tsunami fragility functions
underestimate the losses for the earthquake- and tsunami-
exposed residential buildings in Lima for small-M,, events
and overestimate them for large- M, events.

By integrating these scientific findings from Gémez Zap-
ata et al. (2023) with further research on multi-risk assess-
ment, Schoepfer et al. (2024) have analysed and described
approaches to help potential users like disaster risk man-
agers, urban planners, or critical infrastructure operators im-
prove their ability to cope with the increasing complexity
of risks. They developed a novel tool using a modular and
decentralized system architecture with distributed web ser-
vices. A user interface allows for the visualization and anal-
ysis of various scenarios and their related impacts. During
the development process, a strong link with stakeholders and
potential users was established. In various iterations, both re-
quirements and feedback were gathered to optimize the inter-
active tool with regard to its practical applicability. The sys-
tem components were published on an open-source platform
to ensure further development towards an operational sys-
tem. Exemplified for the study area of the Lima metropoli-
tan area, Peru, the authors conclude that research can sig-
nificantly contribute to meaningful and effective multi-risk
analysis when good cooperation and interaction between au-
thorities, academia, and civil society organizations are estab-
lished.

Three papers in this special issue have taken the step
from prevention to preparedness. They focus on research and
development towards prototypical implementation of early
warning systems. Fustos-Toribio et al. (2022) developed a
rainfall-induced landslide early warning system (RILEWS)
for the southern regions of Chile. The preoperational system
is based on a logistic model and is forced by the geomorpho-
logical and atmospheric conditions in the southern Andes.
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The authors have shown how the Weather Research and Fore-
casting (WRF) model can be integrated into the RILEWS
operational system without the use of ensembles and using
bias correction procedures instead. Their results indicate that
bias correction without costly computer iterations is a useful
alternative to numerical models. This opens up the path to
implementing precipitation-based prediction models without
costly computational iterations through ensembles of mod-
els. As the developed methodology can be implemented for
similar climate zones in different countries and latitudes, this
work has high potential for practical implementation.

Werthmann et al. (2024) share insights into the develop-
ment of a landslide early warning system (LEWS) prototype
developed for an informal settlement on the urban—rural bor-
der of Medellin, Colombia. A preliminary LEWS has been
designed, implemented, and handed over to the government.
It has gone through a test and calibration phase (i.e. develop-
ment of warning thresholds, procedures for the dissemination
of warnings and alerts through the sensor system). The au-
thors provide details on the scientific and technical develop-
ment of this prototype and also on the living-lab experiences
and challenges. The authors demonstrate that LEWS can be
accurate, affordable, and socially integrated. However, there
are several factors that go beyond scientific and technical ca-
pabilities — above all, social acceptance and political will.
In the same context, Sapena et al. (2023) provide further in-
formation on the associated costs for the monitoring instru-
mentation of the LEWS. They combined data-driven land-
slide susceptibility mapping and population maps to identify
exposed locations. In the research article, the authors esti-
mate the cost of monitoring sensors and the installation of
a LEWS with a budget ranging from EUR S to 41 per pro-
tected inhabitant in Medellin, Colombia, varying based on
site-specific characteristics. The information can be seen as
a step forward in providing guidance to decision-makers and
supporting disaster risk reduction efforts.

3 Conclusions

The papers in this special issue cover different aspects of the
disaster risk management cycle for complex disaster situa-
tions. While advanced studies for modelling (single) hazards
are still valid and demanding in their nature, involving multi-
hazard dependencies, exposure, and dynamic vulnerability in
the analysis specifically requires a great deal of research. Be-
yond this, the contributions reveal that it is of utmost impor-
tance to test methods and tools in real-world conditions in
order to steadily close the gap between theory and (opera-
tional) application.

In summary, the presented research papers clearly demon-
strate the importance of not stopping at methodological ap-
proaches and research questions but of moving from theory
to user involvement and user feedback. Possible bottlenecks
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only become apparent during the transition from scientific
applications to preoperational prototypes.

In all application-oriented projects, close and iterative in-
terdisciplinary collaboration between researchers, develop-
ers, and users is an integral part of the entire development
phase. If the needs of users are considered from the outset
— and this is demonstrated by the contributions — develop-
ments are better geared towards practical applicability and
contribute to solving current problems. It must be ensured
that the information meets the needs of the users and is un-
derstandable even without specialized knowledge. It should
be noted that users are particularly interested in results that
show the possible impacts of the situations in question.

These studies clearly demonstrate the breadth of the sub-
ject area, and they also highlight the complexity throughout
the risk cycle in the respective topics — methodologically, the-
matically, and in terms of accuracy and uncertainties as well
as, of course, the challenge in moving from science to prac-
tice.

Disclaimer. Publisher’s note: Copernicus Publications remains
neutral with regard to jurisdictional claims made in the text, pub-
lished maps, institutional affiliations, or any other geographical rep-
resentation in this paper. While Copernicus Publications makes ev-
ery effort to include appropriate place names, the final responsibility
lies with the authors.
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