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Abstract Many areas of the world are prone to several natural hazards, and effective risk
reduction is only possible if all relevant threats are considered and analyzed. However, in
contrast to single-hazard analyses, the examination of multiple hazards poses a range of
additional challenges due to the differing characteristics of processes. This refers to the
assessment of the hazard level, as well as to the vulnerability toward distinct processes, and
to the arising risk level. As comparability of the single-hazard results is strongly needed, an
equivalent approach has to be chosen that allows to estimate the overall hazard and
consequent risk level as well as to rank threats. In addition, the visualization of a range of
natural hazards or risks is a challenging task since the high quantity of information has to
be depicted in a way that allows for easy and clear interpretation. The aim of this con-
tribution is to give an outline of the challenges each step of a multi-hazard (risk) analysis
poses and to present current studies and approaches that face these difficulties.

Keywords Multi-hazard risk - Hazard - Vulnerability - Risk - Hazard cascades -
Hazard chains
1 Introduction

The use of the term multi-hazard is in most cases closely related to the objective of risk
reduction. For example, within international politics, one of the first references to this term
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has been made in the Agenda 21 for sustainable development (UNEP 1992). This docu-
ment calls for “complete multi-hazard research” as a part of human settlement planning
and management in disaster-prone areas (UNEP 1992, paragraph 7.61). The term reappears
in the Johannesburg Plan in the context of “protecting and managing the natural resource
base of economic and social development” (UN 2002, p. 14). It refers to “[a]n integrated,
multi-hazard, inclusive approach to address vulnerability, risk assessment and disaster
management, including prevention, mitigation, preparedness, response and recovery” as
“an essential element of a safer world in the twenty-first century” (UN 2002, p. 20). In the
following, the Hyogo Framework of Action (UN-ISDR 2005, p. 4) adopted this aspect and
suggests an “integrated, multi-hazard approach for disaster risk reduction [...] into poli-
cies, planning and programming related to sustainable development, relief, rehabilitation,
and recovery activities in post-disaster and post-conflict situations in disaster-prone
countries.” Furthermore, also FEMA (1995) uses this term in the U.S. national mitigation
strategy with the goal to lower risks and reduce the effects of disasters due to natural
hazards by focusing on the application of multi-hazard building approaches in the design
and construction of buildings.

The awareness of the necessity to investigate and manage the whole range of natural
hazards that pose arisk to humans, assets, and societies continued to grow in the last. Thereby,
the identification of the risks to be taken into account is mostly based on a spatial approach,
that is, a certain area is considered and all threats within this zone are taken into account
(c.f. Greiving et al. 2006, p. 1). Hewitt and Burton (1971, p. 5) refer to this concept as the “all-
hazards-at-a-place” approach. According to DHS (2011, 1-7), all-hazards “encompasses all
conditions, environmental or manmade, that have the potential to cause injury, illness, or
death; damage to or loss of equipment, infrastructure services, or property; or social, eco-
nomic, or environmental functional degradation”. Consequently, “a first definition of the
term multi-hazard in a risk reduction context could read as follows: the totality of relevant
hazards in a defined area” (Kappes 2011, pp. 6 & 7). However, whether a hazardous process
is relevant has to be defined according to the specific setting of the respective area and to the
objective of the study. For instance, Hewitt and Burton (1971) propose a cut-off point for the
hazard-related damages: Depending on the respective scale, a process is considered irrelevant
if it causes damages below a certain point. The larger the observed area, the higher is this cut-
off point. Another example is given by the European Commission (2011, p. 24) in their
guidelines for risk assessment and mapping. These guidelines propose a set of criteria for the
determination of all significant hazards at a national level. For example, those threats with an
annual probability of at least 1 % “and for which the consequences represent significant
potential impacts, i.e.: number of affected people greater than 50, economic and environ-
mental costs about € 100 million, and political/social impact considered significant or very
serious [need to be taken into account]. Where the likely impacts exceed a threshold of 0.6 %
of gross national income (GNI) also less likely hazards or risk scenarios should be considered
(e.g., volcanic eruptions, tsunamis)”. In the context of spatial planning, Greiving et al. (2006)
and Greiving et al. (2006, p. 4) define relevant according to differing criteria and restrict the
set of considered processes to “hazards that are closely tied to certain areas that are especially
prone to a particular hazard,” whereby ubiquitous threats such as meteorite impacts are
excluded.

However, not all studies on multiple hazards share the aim of involving all relevant
processes of a defined area, but can rather be described as more-than-one-hazard approaches.
This is especially true for scientific studies and supposedly is, among multiple reasons, due to
the strict separation of disciplines (with all the consequences for differing terminology, partly
conflicting definitions, and approaches, etc.) that hamper multi-hazard studies (c.f. WMO 1999).
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Nevertheless, in certain contexts, the joint investigation of two or more processes is indis-
pensable, that is, whenever one hazard triggers a second process, for example, earthquakes
leading to landslides (e.g., Bommer and Rodriguez 2002; Keefer 2002; Lin et al. 2006; Chang
et al. 2007; Chang et al. 2007; Lee et al. 2008; Miles and Keefer 2009). Moreover, an event
may cause multiple threats such as a volcanic eruption resulting in lava flows, lahars, and ash
and lapilli fallout (e.g., Zuccaro et al. 2008; Thierry et al. 2008). Another reason for con-
sidering several hazards jointly are common characteristics, as, for example, within the
system RAMMS (RApid Mass MovementS) that spans snow avalanches, debris flows, and
rock fall (Christen et al. 2007). In the SEDAG project (SEDiment cascades in Alpine Geo-
systems), Wichmann and Becht (2003) focus on the sediment cascade, thereby considering
soil erosion, rock falls, full-depth avalanches, shallow landslides, and debris flows.

In summary, two approaches to multi-hazard can be distinguished. The first one is
primarily spatially oriented and aims at including all relevant hazards. The second, in
contrast, is primarily thematically defined.

One challenge related to multi-hazard risk' analyses is related to the fact that while for
many, if not most, single processes a multitude of well-established approaches is available
(please refer to review articles provided by Ancey et al. (2004) and Briindl et al. (2010) for
snow avalanches; Hunter et al. (2007) for river floods; Dai et al. (2002), Glade and Crozier
(2004), and Fell et al. (2005) for landslides; WMO (1999) for meteorological, volcanic,
and seismic hazards), much fewer studies analyze multiple hazards. In consequence,
experience with associated problems is rare, and also, standard approaches are not avail-
able. This is problematic, because multi-hazard risk analyses are not just the sum of single-
hazard risk examinations:

1. hazard characteristics differ, and thus also the methods to analyze them (c.f.
Carpignano et al. 2009),

2. hazards are related and influence each other. This results in phenomena often
described as hazard chains, cascades, etc. (c.f. Tarvainen et al. 2006; Marzocchi et al.
2009; Kappes et al. 2010),

3. natural processes exert diverging impacts on elements at risk, and methods to describe
vulnerability vary between hazards (c.f. Hufschmidt and Glade 2010; Papathoma-
Kohle et al. 2011; Kappes et al. 2011), and

4. avariety of risk description and quantification measures exists and has to be adapted to
enable the comparison of multiple risks (c.f. Marzocchi et al. 2009; Marzocchi et al.
2012).

These issues are major challenges for the analysis of multi-hazard risks. Therefore, the
aim of this contribution is threefold: Firstly, it aims at detailing the difficulties and challenges
associated with multi-hazard risk analysis. Secondly, the objective is to give an overview of
existing approaches that meet these challenges. Thereby, not only multi-hazard strategies
with a focus on risk reduction are considered, but also those studies that deal with more-than-
one-hazard. These studies were incorporated since they provide profound insight into spe-
cific aspects that are mostly neglected by studies focusing on a very large number of pro-
cesses. And thirdly, the paper seeks to give a coherent overview of all steps in multi-hazard
analysis. Thus, this paper is structured accordingly: (1) the joint hazard analysis of multiple
natural threats, (2) the assessment of the physical vulnerability of elements at risk toward

! The term multi-hazard risk refers to the risk arising from multiple hazards. By contrast, the term multi-risk
would relate to multiple risks such as economic, ecological, social, etc.
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multiple hazards,” (3) the analysis of risk arising from multiple natural hazards, combining
the aspects hazard and vulnerability of exposed elements at risk, and (4) the joint visuali-
zation of multiple hazards. For each step, the multi-hazard-specific challenges are described,
discussed, and current studies and approaches are presented. Thereby, this paper rather
provides a comprehensive introduction into the field of multi-hazard risk analyses and its
specificities, and the authors do not claim completeness. Furthermore, the main focus is on
the multi-hazard aspect rather than on the vulnerability and risk issue. Finally, exclusively
physical vulnerability is considered, while social vulnerability and other types of vulnera-
bility are not included in this article. The analysis of social or community vulnerability is a
topic in its own right and thus cannot be covered in this review. Hereby, it is by no means
intended to foster the rather outdated perception that nature is the ‘problem’ while engi-
neering measures are the solution. Accordingly, linking respective social and nature-sci-
entific approaches is yet another challenge that needs to be covered elsewhere.

The terms hazard, vulnerability, and risk exhibit multiple definitions and are described
by various authors and institutions that often refer to Varnes (1984) and UNDHA (1992).
To avoid confusion, definitions of the main terms are highlighted at the beginning of each
section. Furthermore, the described concepts are classified in qualitative, semiquantitative,
and quantitative approaches (c.f. Altenbach 1995; Borter 1999; DIN 2009):

Qualitative: Description in words (e.g., high, medium, and low) which relate to, or
involve quality or kind. Qualitative judgments rank in higher and lower without the
information on how much higher or lower and are commonly based on expert appraisals.

Semiquantitative: Description by means of a scale that consists of words or numbers.
This scale allows a relative ranking and provides a measure for how much more one
scenario contributes over the next.

Quantitative: Relates to or can be expressed in terms of quantities or totals. It allows the
determination of absolute values on a determined scale.

2 Challenges and current approaches in the field of multi-hazard risk analyses

According to Varnes (1984, p. 10), hazard is defined as the “probability of occurrence within
a specified period of time and within a given area of a potentially damaging phenomenon.” In
addition to the hazard aspect, risk involves the vulnerability of the elements at risk and is
established as the “expected degree of loss due to a particular natural phenomenon,”
thus suggesting that the product of hazard and vulnerability of exposed elements at risks
(Varnes 1984, p. 10). This section focuses on the three steps of a multi-hazard risk analysis,
namely the analysis of multi-hazard (2.1), vulnerability of elements at risk for multiple
processes (2.2) and multi-hazard risk (2.3). Furthermore, examples of existing methods for
the joint investigation of multiple hazards are presented (2.4).

2.1 Multi-hazard analyses
Delmonaco et al. (2006b, p. 15) define multi-hazard analyses as the “[i]mplementation of

methodologies and approaches aimed at assessing and mapping the potential occurrence of
different types of natural hazards in a given area.” The employed methods “have to take

2 The exposure of elements at risk is not considered separately since this article focuses on the issues and
challenges that arise in multi-hazard context in contrast to single hazard analysis, and exposure does not
change.
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into account the characteristics of the single hazardous events [...] as well as their mutual
interactions and interrelations (e.g., landslide induced earthquake, floods and landslides
triggered by extreme rainfall, natural disasters as secondary effect from main disaster
types)” (Delmonaco et al. 2006b, p. 15). This description indicates two major challenges:
(1) differing process characteristics so that it becomes difficult to compare multiple haz-
ards, and (2) the existence of relations and interactions between hazards. In the following,
both aspects are presented and current approaches are exemplified.

2.1.1 Comparability of hazards due to differing process characteristics

Within multi-hazard analyses, it is essential to assess the respective level of each threat of
the investigated multiple hazards. However, hazards “differ by their nature, intensity,
return period and by the effects they may have on exposed elements. [...] Their magnitudes
are also measured in different ways, using different units of reference, for example, dis-
charge or inundation depth for floods, ground motion or macro-seismic intensity for seism”
(Carpignano et al. 2009, p. 515). Thus, the principal difficulty in the comparison of
multiple hazards is the distinct reference units. An approach to overcome this problem is
the standardization to a common measure. Reviewing numerous studies (e.g., Heinimann
et al. 1998; Odeh Engineers, Inc 2001; Delmonaco et al. 2006b; El Morjani et al. 2007;
Bartel and Muller 2007; Thierry et al. 2008), two major standardization approaches can be
distinguished: (1) the classification of hazards (qualitative approach) and (2) the devel-
opment of indices (continuous, semiquantitative approach).

(1) The standardization by means of classification is the most frequently used approach to
enable the comparison of different hazards. Intensity and frequency thresholds are defined in
order to classify the respective hazards into a predefined number of hazard classes. In order to
determine thresholds, a framework of shared objectives or criteria describing the classes has
to be established. This assures the equivalence and comparability of, for example, high
earthquake and high flood hazard (Delmonaco et al. 2006a). At the same time, however, it
becomes very difficult or even impossible to compare information from different sources
since, most probably, different criteria were applied (Marzocchi et al. 2009). In the following,
an overview of a number of studies employing diverse classification schemes is presented.

With their study, Moran et al. (2004, p. 185; based on Heinimann et al. 1998; Fuchs
et al. 2001) aim at a “conceptual approach to natural hazard investigations in regions
lacking hazard zoning or where only rudimentary hazard assessments exist” to “identify
the risk potential at a regional scale” as “foundation for further detailed studies.” In order
to reach this aim, Moran et al. (2004) used a worst-case scenario for the regional scale
modeling of avalanches and rock falls. Due to the common basis (worst-case scenario), the
resulting areas of potential impact can be compared and jointly visualized. Additionally, by
overlay with elements at risk, the number of endangered buildings or affected road kilo-
meters by each process can be determined and compared.

One objective of the ARMONIA project (Applied Multi Risk Mapping of Natural Hazards
for Impact Assessment) was to define a “new harmonised methodology for integrated
management of data from different risk analysis approaches and set-up basic principles for a
EU directive on harmonized risk maps aimed at spatial planning” (Delmonaco et al. 2006b,
p- 5). In this context, a classification scheme was proposed for hazard intensities at a regional
scale. The hazard is classified in low, medium, and high intensity with regard to spatial
planning purposes (Table 1). Subsequently, the importance of hazards can be compared and
consequences for the spatial planning process can be defined (Delmonaco et al. 2006b).
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Table 1 ARMONIA hazard intensity classification matrix for a regional scale (Menoni 2006)

Natural Hazard Intensity Scales
Low Medium High Parameters
Flood <0.25 0.2-1.25 >1.25 Flood depth (m)
Forest Fire <350 350-1,750 >1,750-3,500 Predicted fire line intensity (*)(kW/m)
Forest Fire <1.2 1.2-2.5 >2.5-3.5 Approximate flame length (m)
Volcanoes <5 5-10 >10 Intensity = volcanic explosive index
log;o(mass eruption rate, kg/s) + 3

Landslide (fast and <5 5-15 >15 Percentage of landslide surface

slow movements) (m?, km?, ...) vs. stable surface (%)
Seismic <10 10-30 >30 Peak Ground Horizontal

Acceleration (%g)

Another example for the utilization of a classification approach is the Swiss guidelines
for the analysis and evaluation of natural hazards. These guidelines focus on spatial
planning as instrument for risk reduction (Heinimann et al. 1998). Similar to the AR-
MONIA classification scheme, high, medium, and low hazards are distinguished. Fur-
thermore, the Swiss concept includes frequency classes, and by means of a combination of
the intensity and the frequency class, the hazard level is determined. The respective
thresholds relate to the possible effects on buildings and humans. Each hazard class and its
implication in the context of spatial planning is defined as follows:

e High hazard (red zone): People in- and outside of buildings are at risk and the
destruction of buildings is possible, or events with a lower intensity occur but with
higher frequency, and persons outside of buildings are at risk. Further construction of
buildings is prohibited.

e Medium hazard (blue zone): People inside of buildings are slightly endangered,
damages of buildings are possible, but destruction is rare. Further construction of
buildings is allowed under constraints, for example, related to building codes.

e Low hazard (yellow zone): People are slightly endangered, and small damages and
interferences are possible. Further construction of buildings is allowed without
constraints.

e Residual hazard (yellow white striped): Hazards of very low frequency and high
intensity are possible.

Methodologically, the hazard classes are defined by their constellation of intensity and
probability (Fig. 1).

The translation of the potential effects on humans and buildings thus results in the
intensity thresholds presented in Table 2. Thereby, one set of return period thresholds
applies to all processes with 1-30 years for the high, 30-100 years for the medium,
100-300 years for the low, and <300 years for the very low probability class, respectively
(Loat and Petrascheck 1997).

The overall hazard map is derived by overlaying the classification result of all single
hazards. In those areas where multiple scenarios of the same process or different processes
are overlapping, the highest hazard class is adopted. Hazards of an equal or lower hazard
class can be indicated by an additional index letter (Heinimann et al. 1998).
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Fig. 1 Swiss intensity-
probability matrix after Kunz and high
Hurni (2008)
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Table 2 Swiss hazard intensity classification matrix as summarized in Loat (2010). For details on the single
processes, refer to SLF 1984 for avalanches, Lateltin 1997 for landslides, and Loat and Petrascheck 1997 for
floods

Process Low intensity Average intensity High intensity

Rock fall E<30kJ 20 kJ < E <300 kJ E > 300 kJ

Landslide Vs < 2 cm/year Vs: dm/year Vs > dm/day; displacement
> 1 m per event

Debris flow - D <1mandV<1m/s D>1mandv>1m/s

Static flooding h<05m 05<h<2m h>2m

Dynamic flooding g < 0.5 m%s 05<g<2m’s g >2m%s

Bank erosion t<05m 05<t<2m t>2m

Snow avalanche P <3 kN/m® 3 kN/m* < P < 30 kN/m® P > 30 kN/m’

E Kkinetic energy, Vs mean annual velocity of landslide, D thickness of debris front, v flow velocity (flood or
debris flow), h flow depth, ¢ specific discharge (m3/s/m) =h x v, t extent of lateral erosion, P avalanche
pressure exerted on an obstacle

A very similar approach used Thierry et al. (2008) for the multi-hazard analysis of the
active volcano Mount Cameroon in order to improve the safety of the local population. Six
volcanic hazards, two slope instability processes, and one tectonic phenomenon were
included. Thresholds for five intensity classes were determined for each process according
to the expected damage level (<5 % very low, 5-10 % low, 10-50 % moderate, 50-80 %
high, and >80 % very high) by means of expert knowledge following the proposal of
Stiltje (1997, cited in Thierry et al. 2008). Additionally, seven frequency classes were
established from 1 to 10 years (quasi-permanent), 10 to 50 years (very frequent), 50 to
100 years (high), 100 to 500 years (moderate), 500 to 1,000 years (low), 1,000 to
5,000 years (very low), and 5,000 to 10,000 years (very low to negligible). The combi-
nation of frequencies and intensities was classified into five hazard classes ranging from
negligible to very high hazard. The nine classified hazard maps were superimposed to the
overall geological hazard zoning of Mount Cameroon, and in zones of overlap, the max-
imum hazard class was adopted.

Chiesa et al. (2003) present a different classification scheme. It focusses on earthquakes
and tropical storms in the Asia Pacific region and is applied in the framework of the Asia
Pacific Natural Hazards and Vulnerabilities Atlas. Although Chiesa et al. (2003) also used
a classification scheme, the hazard level in zones of overlap is not determined by the
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Table 3 Matrix for the determi-

nation of the multi-hazard Tropical storm hazard

(Chiesa et al. 2003) Low/none  Mod.  High Ext. high
Eq. hazard
Low/none Low/none Mod. Mod. High
Mod. Mod. Mod. High High
High Mod. High High Ext. high
Ext. high High High Ext. high Ext. high

maximum of overlapping classes, but by means of a matrix (Table 3). In comparison with
the previous two studies where the maximum class is adopted, this approach leads to
differing results for very distinct classes of earthquake and storm threat. For instance, the
combination of high and low/none hazard results in moderate, and the overlap of extremely
high and low/no hazard results in high overall hazard.

As in the case of Swiss guidelines, also the French risk prevention plans (Plan de
Prévention des Risques naturels prévisibles, PPR) focus on risk reduction by spatial
planning measures (Delattre et al. 2002). A range of guides is available to support a
harmonized preparation of PPRs such as Garry et al. (1997), MEDD (2003), Thierry
(2003), or Cariam (2006). These documents offer instructions for the hazard modeling as
well as guidance on how to establish thresholds for the hazard classification. In contrast to
the Swiss approach, however, the thresholds are not generalized to all regions, but each
municipality is allowed to determine the classification scheme according to their specific
needs. Subsequently, the criteria for the classification have to be presented in a document
accompanying the PPR (Besson et al. 1999; MEDD 1999, MEDD 2002; Liévois 2003).

Despite the fact that all of the presented approaches utilize classification schemes, they
differ significantly. This is mainly due to the constellation of considered hazards or the
differing objectives of the studies. For instance, the frequency classification of the Swiss
approach ranges between 1 and >300 years and considers mountain hazards, while the
scheme used in the study of Thierry et al. (2008) comprises the time span of 1 to
5,000-10,000 years for hazards occurring in volcano vicinities. Moreover, distinct meth-
ods to determine the overall hazard in zones of overlapping hazards are applied such as the
adoption of the maximum hazard class (e.g., Heinimann et al. 1998) or the intermediate
rating (e.g., Chiesa et al. 2003). Though classification schemes offer a simple way to
compare hazards, they are specifically developed for a certain situation, application, or
study and are thus restricted to this respective use. In addition to difficulties to use clas-
sified information for other objectives than the one it was produced for, it becomes obvious
that classified information of different sources can only (if at all) be compared after a
careful examination of the study objectives, the applied methods, classification scheme,
and the research foci.

(2) In contrast to classification approaches, indices offer a continuous standardization of
differing and, therefore, not directly comparable parameters. Additionally, they allow for
quantifying the difference between two hazard levels (semiquantitative) instead of only
ranking them (qualitative). In the following, several studies applying index schemes for
standardization purposes are presented.

Based on classified single-hazard magnitudes, frequencies, and proportions of the
potentially affected area, Odeh Engineers Inc. (2001) compute continuous Hazard Scores
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(HS). The HS are calculated on a subregional level, that is, for communities as a whole
(instead of modeling hazards in a distributed way, pixel by pixel) according to the fol-
lowing equation:

HS =FS-AIS- IS
with:

FS  Frequency Scores: measuring how often a given hazard occurs [events per year,
classified in five levels],

AIS  Area Impact Score: measuring the extent of the geographical area that potentially
will be affected by a hazard event [gross or relative area, classified in five levels],
and

IS Intensity Score: measuring the intensity level of a hazard [hazard-specific units,
classified in five levels]

Due to the multiplication of the classified input scores (FS, AIS, and IS), the resulting
HS is a continuous measure. By conducting the analysis at community level, indices of
different hazards can be compared for one community. This thus indicates the importance
of each hazard and in addition allows for the comparison between communities. The
disadvantage of this approach is that no information is given on the spatial distribution of
hazard and risk within the community.

The World Bank initiated A Global Risk Analysis to globally identify “key ‘hotspots’
where the risks of natural disasters are particularly high.” The aim is to provide “infor-
mation and methods to inform priorities for reducing disaster risk and making decision on
development investment” (Dilley et al. 2005, p. vii). In this study, a Simple Multihazard
Index is proposed. It is composed by single-hazard analyses, investigated by combining
data on past events (inventories) and modeling. Thereby, the choice of approach strongly
depends on the availability of the respective process information. For the definition of
classification thresholds, the total number of pixels affected by a certain hazard is divided
into ten approximately equally sized groups, the so-called deciles. The first to fourth
deciles indicate low, the fifth to seventh medium, and the eighth to tenth deciles high
hazard. Subsequently, for the calculation of the Simple Multihazard Index, only the high
hazard class is taken into account, adding up the values of all overlapping hazards within a
pixel. The result is given as number of hazards affecting each pixel.

El Morjani et al. (2007, p. 20) perform a study in the Eastern Mediterranean Region
including the West Bank and the Gaza Strip territory in order to “identify potential hot-
spots where the population might be exposed to several hazards at the same time.” Here,
the hazards are modeled separately and classified into five classes according to separately
defined thresholds. Subsequently, the processes are weighted with the impact on humans
and economics (numbers of people killed, injured, homeless or affected, and total damage
expressed in USD) caused in the past by these hazards and as recorded in EM-DAT>
(Table 4). These weights are based on regional averages of the area under consideration.
They are used as a measure for the importance of each process.

After summing these weighted indices, they are presented in the “multi hazard index
distribution map” and finally classified in five “intensity level[s] of multihazard”
(El Morjani et al. 2007, pp. 20 & 23).

3 EM-DAT is the Emergency Disaster Data Base maintained by CRED, the Centre for Research on the
Epidemiology of Disasters. It contains essential core data on the occurrence and effects of over 18,000 mass
disasters in the world from 1,900 to present (CRED 2009).
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Table 4 “Normalised weights

applied to the different hazards Hazard Normalized weight
when calculating multihazard” o
(EI Morjani et al. 2007, p. 22) ~ Seismic 041

Flood 0.36

Wind speed 0.09

Heat 0.08

Landslide 0.06

Sum 1

The U.S. Department of Homeland Security (DHS 2011, pp. 2-2) developed the Inte-
grated Rapid Visual Screening (IRVS). It is a methodology to “quantify the risk and
resilience of [mass transit stations, tunnels, or buildings] to manmade and selected natural
hazards that are capable of causing catastrophic losses in fatalities, injuries, damage, or
business interruption.” This approach is understood as first step in a tiered assessment that
is followed by more refined and detailed analyses. Thereby, the hazard level is determined
by means of a qualitative assessment of the screener performing the IRVS. It is based on
available hazard maps, information on past events, the site observation, etc. The assess-
ment includes several standardized questions, exemplified here for floods: (1) floodplain
(yes/no), (2) maximum flood depth (no previous flooding, low, medium, high), (3) flood
duration (no previous flooding, short, medium, long, very long), (4) floodwater velocity (no
previous flooding, low, medium, high, extreme), and (5) distance from a flooding source
(far, medium, close, adjacent). The value for each question ranges between 0.1 and 100 %.
In a subsequent step, the overall threat is calculated by combining the result of the hazard
rating, the consequences rating, and the vulnerability rating to the risk score (for more
detail refer to DHS 2011).

Bartel and Muller (2007) elaborated a slightly different semiquantitative approach,
which is not based on an index scheme. They assess the probability that “a given natural
disaster will develop in a given area of the HOA in within a given year” (HOA—Horn of
Africa, Bartel and Muller 2007, p. 1). The study considers moderate to severe droughts as
well as floods above a certain threshold, and locust infestations defined as “outbreaks of
gregarious swarms of hoppers and adults” (Bartel and Muller 2007, p. 4). Firstly, the
analyses result in an estimation of the annual probability of each process. Secondly, the
probability of occurrence of any of these hazards is given, the so-called joint probability.
Thirdly, the distribution of the most probable hazard is identified. As large damaging
earthquakes are occurring rather infrequently in the study area, the study does not include
earthquake hazards. They are “not an annual concern like the other hazard types”
(Bartel and Muller 2007, p. 1 et seq.).

In the studies presented so far, the multiple hazards are analyzed according to an overall
analysis scheme. Thus, single-hazard analysis results can be compared and combined to a
multi-hazard assessment. They are, however, analyzed separately assuming independence
from each other, and single hazards are simply summed up to the overall hazard. Never-
theless, “[n]atural processes are components of systems (ecosystems, geosystems, etc.) and
[a]s components of complex systems these processes are not independent and separated
from each other but are linked and connected” (Kappes et al. 2010, p. 351 et seq.). They
are, therefore, interacting (possibly nonlinearly), eventually leading to the occurrence of
hazard changes, changes of the system state, etc. Within another system state, new and
different hazard patterns may emerge that differ from the simple sum of all single hazards.
The negligence of these relations between processes might thus lead to misestimation of
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the actual hazard level. Due to growing awareness of this fact, the importance of the
relations between hazards is increasingly acknowledged within multi-hazard research.

2.1.2 Dealing with relations between hazard types
Despite growing awareness of relations between hazards still neither a uniform conceptual

approach nor a generally used terminology is applied. Rather, a multitude of terms is in use
to describe several types of relations between processes (Kappes 2011):

Cascades, cascading effects, cascading Delmonaco et al. (2006b), Carpignano et al. (2009), Zuccaro and

failures, or cascade events Leone (2011), European Commission (2011)
Chains Shi (2002), Erlingsson (2005)
Coincidence of hazards in space and Tarvainen et al. (2006)
time
Coinciding hazards European Commission (2011)
Compound hazards Hewitt and Burton (1971), Alexander (2001)
Coupled events Marzocchi et al. (2009)
Cross-hazards effects Greiving (2006)
Domino effects Luino (2005), Delmonaco et al. (2006b), Perles Rosell6 and
Cantarero Prados (2010), European Commission (2011)
Follow-on events European Commission (2011)
Interactions Tarvainen et al. (2006), dePippo et al. (2008), Marzocchi et al.
(2009), Zuccaro and Leone (2011)
Interconnections Perles Rosell6 and Cantarero Prados (2010)
Interrelations Delmonaco et al. (2006b), Greiving (2006)
Knock-on effects European Commission (2011)
Multiple hazard Hewitt and Burton (1971)
Synergic effects Tarvainen et al. (2006)
Triggering effects Marzocchi et al. (2009)

Precise definitions of the terms are rare. Nevertheless, one type of phenomena can
clearly be distinguished: the triggering of one hazard by another, eventually leading to
subsequent hazard events. This is referred to as cascade, domino effect, follow-on event,
knock-on effect, or triggering effect. Delmonaco et al. (2006a, p. 10) describe a “domino
effect or cascading failure” as “failure in a system of interconnected parts, where the
service provided depends on the operation of a preceding part, and the failure of a pre-
ceding part can trigger the failure of successive parts.” By contrast, terms such as com-
pound hazards, interactions, interrelations, or synergic effects are far less explicit and
obvious. The term interaction is used by many authors. However, while interaction
indicates a mutual influence between two processes, many studies do not refer to impacts
in both directions. For example, Tarvainen et al. (2006) distinguish between vice versa
interactions and interactions during which only one process exhibits a significant influence
on the other. Hewitt and Burton (1971) present a concept that differentiates between
compound and multiple hazards: While they characterize compound hazard as “several
elements acting together above their respective damage threshold-for instance wind, hail,
and lightning damage in a severe storm,” they refer to multiple hazard as “elements of
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quite different kinds coinciding accidentally, or more often, following one another with
damaging force-for instance floods in the midst of drought, or hurricane followed by
landslides and floods” (Hewitt and Burton 1971, p. 30). Kappes et al. (2010), on the other
hand, propose a different approach as they explicitly distinguish between two types of
hazard relations: (1) those in which one process triggers the next (cascades, domino effects,
etc.) and (2) those in which the disposition of one hazard is altered by another. This applies
whenever a process modifies the disposition of another process, thus resulting in frequency
and/or magnitude alterations. An example is the removal of protective forest by avalanches
in winter that leads to a higher frequency and magnitude of rock falls in this area in the
following spring.4

In summary, hazard relations and interactions may have unexpected effects and pose
threats that are not captured by means of separate single-hazard analyses. Thus, their
negligence is problematic. But as our understanding of process relations and cascades still
is very limited, this hampers multi-hazard risk research that explicitly addresses process
interactions. Still, the number of respective research studies and methodological approa-
ches is very limited.

According to Delmonaco et al. (2006a, p. 10), “basically two ways of how to assess the
coupled hazards” exist as follows: “[w]e can investigate the individual possible chains of
hazardous events—one triggering another—and try to assess probability values in order to
transfer these phenomena into risk maps [or we] assess the risk for coincidences of dif-
ferent hazards, even without supposing any direct linkage among them.” While the first is
extremely data-demanding and the complexity of the hazard chains can be overwhelming,
the second method is more robust and less data intensive.

The studies of Tarvainen et al. (2006) and dePippo et al. (2008) provide interesting
examples for the “second way” to investigate the hazard coincidences. In both studies, a
matrix is used for the identification of possible hazard cascades and influences by opposing
the respective processes taken into account (Fig. 2). The possibility of an impact of one
hazard on another is identified, and the relation is either simply marked as in the study of
Tarvainen et al. (2006), or shortly described as done by dePippo et al. (2008, see Fig. 2).

DHS (2011) integrate in their IRVS approach multi-hazard interaction scores in a
matrix. These scores indicate the level of interaction, though without signaling if it is a
positive or negative impact. They are created on the basis of built-in weights and building
characteristics. High values suggest a potentially high impact and thus indicate that further
detailed studies are needed (DHS 2011, pp. 3—-10).

The general identification of possible relations between the respective hazards is fol-
lowed by the determination of the spatial location of these interactions. Tarvainen et al.
(2006) locate possible interactions by identifying those areas (NUTS 3 units) in Europe
where the potentially interacting hazards overlay and show a significant magnitude. By
contrast, DePippo et al. (2008) work with geomorphic units of a coastal area. Based on the
matrix, they detect units with certain hazard combinations that might lead to interactions.

Thus, interaction matrixes provide the possibility to identify general relations and
cascades within a set of processes and subsequently the location of potential occurrences
can be determined by overlay of the spatial hazard information. If, however, potential
consequences are to be examined (this refers to the first type of approaches according to

4 Multi-hazard settings arising from one phenomenon, such as hurricanes that entail storms and heavy
rainfall which again may lead to storm surges, flooding and landslides, or volcano eruptions that may imply
lapilli and ash ejection, lahars and lava flows, are not considered separately. The reason is that they are
covered under the presented concepts.
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Fig. 2 “Descriptive matrix of the interaction of each hazard with one another” modified after dePippo et al.
(2008, p. 459). In the dialog are the four l