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Abstract In recent decades, a striking number of countries have suffered from consecutive disasters:
events whose impacts overlap both spatially and temporally, while recovery is still under way. The risk of
consecutive disasters will increase due to growing exposure, the interconnectedness of human society,
and the increased frequency and intensity of nontectonic hazard. This paper provides an overview of the
different types of consecutive disasters, their causes, and impacts. The impacts can be distinctly
different from disasters occurring in isolation (both spatially and temporally) from other disasters, noting
that full isolation never occurs. We use existing empirical disaster databases to show the global
probabilistic occurrence for selected hazard types. Current state‐of‐the art risk assessment models and
their outputs do not allow for a thorough representation and analysis of consecutive disasters. This is
mainly due to the many challenges that are introduced by addressing and combining hazards of different
nature, and accounting for their interactions and dynamics. Disaster risk management needs to be more
holistic and codesigned between researchers, policy makers, ﬁrst responders, and companies.
1. Introduction
Consecutive occurrences of natural hazards are prevalent in many parts of world. A recent example is
Japan's summer of 2018: The country was hit on 18 June by the Osaka earthquake (moment magnitude scale
Mw = 5.5) killing four people (USGS, 2018a). This was followed by ﬂooding between 28 June and 8 July
caused by torrential rain, which was Japan's deadliest ﬂood since 1983. With $10 billion in damages, this
became the second costliest weather event of 2018 (Kornhuber et al., 2019;LeComte, 2019 ; Tsuguti et al.,
2019). Subsequently, the ﬂooding caused landslides, which together killed 246 people (LeComte, 2019;
Tsuguti et al., 2019). Next, from 14 until 25 July the country was hit by a heatwave, in August several
typhoons and tropical storms hit Japan's main island (Typhoon Cimaron made landfall close to Kyoto),
and on 4 September Typhoon Jebi struck Japan (Japan Meteorological Agency, 2018; LeComte, 2019;
Li et al., 2019). Typhoon Jebi became the strongest typhoon to hit the country in 25 years, killing at least
14 people and injuring over 600 (FDMA, 2018; LeComte, 2019). Typhoon Jebi was followed only 1.5 days
later by an earthquake in Hokkaido (Mw = 6.7), triggering mudslides, killing at least 41 people and leaving
around 3 million people without power (BBC, 2018; USGS, 2018b). In another example, a succession of
storms in southern England during the 2013/2014 winter caused severe ﬂoods and exacerbated insured
losses to £451 million, which exceeded previous recent large ﬂood events such as the 2005 Carlisle ﬂoods
(£272 million) and the 2009 Cumbrian ﬂoods (£174 million) (Schaller et al., 2016). Haiti suffered from a
Mw = 7.0 earthquake in 2010, while still recovering from several tropical cyclones that hit the island
18 months earlier. The earthquake became the deadliest in its history, leaving 1.5 million people homeless
(Gorum et al., 2013) and subsequently contributing to the return of cholera after more than a century of
absence, placing additional pressure on health and emergency response facilities (Date et al., 2011).
The above examples show the different spatial and temporal ranges at which consecutive disasters can occur,
ranging from days to months and years apart, depending on the recovery rate. Disasters occur when a hazard
coincides with exposure and vulnerability. All these three risk components are dynamic (UNDRR, 2016),
with the potential to increase or decrease in response to the occurrence of a previous hazard or disaster
(Peduzzi, 2019). We refer to Box for our deﬁnition of consecutive disasters. Understanding consecutive disasters is part of a multihazard approach, deﬁned by the United Nations Ofﬁce for Disaster Risk Reduction
(UNDRR;, 2016) to mean “(1) the selection of multiple major hazards that the country faces, and (2) the
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speciﬁc contexts where hazardous events may occur simultaneously, cascadingly or cumulatively over time,
and taking into account the potential interrelated effects” (UNDRR, 2016, p. 19). Gill and Malamud (2014)
discuss four key factors to be taken into account when developing multihazard approaches: (1) a comparison
between different individual hazards for a predeﬁned area, (2) all possible interactions between hazards,
(3) the impacts of spatially and/or temporally coinciding hazards, and (4) dynamic vulnerability.

Box 1 : Consecutive Disasters Deﬁned
Throughout this paper, we use the term “consecutive disasters” to mean two or more disasters that occur in
succession, and whose direct impacts overlap spatially before recovery from a previous event is considered to
be completed. This can include a broad range of multihazard types, such as compound events (Zscheischler
et al., 2018) and cascading events (Pescaroli & Alexander, 2015). It is important to mention that the latter
also includes Natech events where a natural hazard contributes to a disaster that then impacts industrial
facilities and infrastructure (Girgin et al., 2019; Krausmann et al., 2017) (see Box 2). Natech disasters, and
the contributions of anthropogenic processes, such as land use land cover changes, which trigger or exacerbate natural hazards (Peduzzi, 2019), are often excluded from multirisk assessment (Girgin et al., 2019).
It is also important to recognize the role of the impacted entity in deﬁning the spatial scale of the direct
impacts and in deﬁning when recovery is completed. For example, at a local community scale, two tropical
cyclones are less likely to directly hit the same village during cyclone season. For example, the Philippines is
hit by approximately 20 cyclones each year (UNOCHA, 2017). Hence, at a national scale these sequential
disasters would be considered consecutive disasters, while individual villages are likely to only suffer
damages from one of those cyclones in a season, which for them would not be considered consecutive.
Conversely, the duration of recovery after a ﬁrst event can be longer at a local scale if tourists now decide
to visit another part of the country, while at a national scale the ﬂourishing of tourism in a different part
of the country balances the economic impacts.
In the context of our study, direct impacts are interpreted in a broad sense encompassing both tangible and
intangible direct impacts, with examples including damage to physical infrastructure, loss of lives, decreasing the capacity of key institutions (e.g., hospitals), and welfare. Consecutive disasters can occur due to
dependency between natural hazards (e.g., triggering events) or when independent hazards occur in the
same space‐time window. Figure 2 is a schematic representation of dependent and independent consecutive
disasters, showing different degrees of recovery using the quality of the built environment as an impact
variable. We refer to different disasters as the ﬁrst, second, third, etc. disaster based on their occurrence
overtime, not on the scale of their impact.
The development of such multihazard approaches are strongly advocated for in the Sendai Framework for
Disaster Risk Reduction (UNDRR, 2015) and its predecessor the Hyogo Framework for Action (UNDRR,
2005) and were also high on the agenda in the last UNDRR's Global Platform 2019 (UNDRR, 2019). The
Paris Agreement also calls for the development of comprehensive risk assessments (United Nations, 2015).
Moreover, within the social sciences and governance research communities, there have also been calls for
the generation of multirisk knowledge (Cutter, 2018; Scolobig et al., 2017). For example, Scolobig et al.
(2017) proposed a multirisk governance framework, stating there is an urgent need to improve the scientiﬁc
foundations of multirisk assessments. Our manuscript addresses this research gap that is called for in the
governance literature by improving the fundamental understanding of multirisk assessments.
The recent disasters described above support the notion that the challenges a community faces when being
hit by a subsequent disaster while still recovering from an earlier disaster are substantially different than the
impacts of two static events (Tarvainen et al., 2006). Nonetheless, universal disaster risk reduction (DRR)
and disaster risk management (DRM) frameworks to address consecutive disasters from a modeling
(AghaKouchak et al., 2018) and an institutional perspective (Scolobig et al., 2017) are still missing. In this
article, we ﬁrst discuss the occurrence and impacts of consecutive disasters around the world (section 2),
before proceeding to use existing literature to explore the speciﬁc challenges faced when assessing consecutive disasters (section 3). We respond to this set of challenges with a roadmap to advance understanding of
consecutive risk at a global, regional, and local scale (section 4).
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In the context of our study, direct impacts are interpreted in a broad sense encompassing both tangible and
intangible direct impacts, with examples including damage to physical infrastructure, loss of lives, decreasing the capacity of key institutions (e.g., hospitals), and welfare. Consecutive disasters can occur due to
dependency between natural hazards (e.g., triggering events) or when independent hazards occur in the
same space‐time window. Figure 2 is a schematic representation of dependent and independent consecutive
disasters, showing different degrees of recovery using the quality of the built environment as an impact
variable. We refer to different disasters as the ﬁrst, second, third, etc., disaster based on their occurrence over
time, not the scale of their impact.

2. Consecutive Disasters Explained
The occurrence of each disaster in a sequence (Gill & Malamud, 2016) and the amount of time in between
two disasters (Marzocchi et al., 2012) can substantially change the vulnerability to the next hazard. For
example, Gill and Malamud (2016) demonstrate this for consecutive disasters in Nepal and Guatemala.
Others have characterized the spatial overlap of multiple natural hazards (either independent or dependent)
in a given region (e.g., Carpignano et al., 2009; Eshrati et al., 2015; Forzieri et al., 2016; Tate et al., 2010),
which demonstrates the possibility of consecutive disasters occurring.
The widespread distribution of natural hazards, with some hazard types affecting large spatial regions of 104
to 108 km2 (Gill & Malamud, 2014), demonstrates that this problem is not geographically isolated but
relevant to many, if not all, parts of the world. Recently, there has been discussion about the use of the word
natural when referring to natural disasters (Bacigalupe, 2019). Disasters occur when a hazard interacts with
exposure and vulnerability of people and other elements. It is also important to note that people inﬂuence
climate change, and hence, climate change‐induced hazards could be perceived of as unnatural (Peduzzi,
2019). For simplicity reasons, in this paper we will refer to both climate change‐induced and geophysical
hazards as natural hazards but refrain from using the term “natural disasters.” In this section, we discuss
the science behind consecutive disasters, ﬁrst outlining the different typologies, then the causes, occurrences, and ﬁnally the impacts.
2.1. A Typology of Consecutive Disasters
Figure 1 shows examples of different types of consecutive disasters, their causes, where they occurred, and
their impacts. Generally, the literature recognizes the following four types of consecutive disasters (Gill &
Malamud, 2014): (1) independent hazards having a spatiotemporal coincidence (Tarvainen et al., 2006),
(2) a ﬁrst hazard that triggers other hazard(s) (Tarvainen et al., 2006), and (3) the occurrence of one hazard
that alters environmental circumstances and thereby increases or (4) decreases the probability, frequency, or
magnitude of another hazard (Kappes et al., 2010). Another interaction distinction made in the literature is
that of unidirectional versus bidirectional, where the former is deﬁned as a primary hazard followed by a
secondary hazard, and the latter includes feedback mechanisms from the secondary hazard inﬂuencing
the primary hazard (Gill & Malamud, 2016). For example, a ﬂood may trigger a landslide, which exacerbates
the ﬂooding. These hazards can include both natural and anthropogenic hazards (Gill & Malamud, 2014),
while acknowledging that there is no clear distinction between the two.
Independent hazards (as shown on the left‐hand side of the bottom panel in Figure 2) are those hazards
whose impacts spatially and/or temporally overlap while the hazards themselves are neither triggered by
one another nor do they inﬂuence one another's probability of occurrence. An example of this is a tropical
cyclone followed by an earthquake, as in the example of Haiti in section 1. Consecutive disasters can be the
result of repeated occurrences of one hazard type (such as the sequence of ﬂood events in the United
Kingdom), or occurrences of multiple hazard types (such as the tropical cyclones and earthquake events
in Japan and Haiti).
Dependent hazards (on the right‐hand side of Figure 2) include triggering and cascading disasters, such as
landslides triggered by a ﬂood, or ﬁres caused in the aftermath of an earthquake (Daniell et al., 2017).
Cascading events are commonly deﬁned as a primary hazard triggering a secondary hazard (Pescaroli &
Alexander, 2015). For example, landslide activity may be greater in the months following an earthquake
event due to changes in slope conditions (Daniell et al., 2017). An important subcategory of cascading
hazards to mention are those where natural hazards trigger technological failures/hazards (so called
DE RUITER ET AL.
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Figure 1. Examples of recent consecutive disasters. Examples of different types of consecutive disasters, showing disasters that occurred successively while recovery
of the earlier disaster was still under way and impacted the same geographical area, its hazards and/or drivers, the time scale at which they occurred between
brackets [], (estimates of) direct and indirect damages (in US$), and the number of people affected (sources: AghaKouchak et al., 2014; CFE‐DMHA, 2010; Date
et al., 2011; Gorum et al., 2013; LeComte, 2019; ReliefWeb, 2019; Schaller et al., 2016).
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Figure 2. Different dimensions of impact: temporal dynamics. Schematic representation showing two features: (1) the
difference between single risk (top panel) and consecutive risk assessments (bottom panel) and (2) differences between
dependent and independent consecutive disasters and their different degrees of recovery at a given spatial scale (bottom
panel). This is couched upon the work by (Zobel & Khansa, 2014). (1) The y axis can denote any indicator of impacts.
Here we use the quality of the built environment as it is impacted by disasters, but this can be changed based on the
stakeholder. The top panel shows how often the postdisaster risk level is considered to be identical to the predisaster level
and independent of the amount of time in between events and the number of earlier disasters. (2) The difference in
slope between R1 and R2 in the bottom panel denotes different recovery speeds, which indicates resilience. The
earthquake and a tropical cyclone event at respectively t1 and t2 are independent hazards but are considered consecutive
due to the short time window in between the two events and therefore their impacts are considered to be dependent—
unlike the common single‐hazard approach in the top panel. The event at t4 is a single hazard, nonconsecutive disaster,
while the events at t5 and t6, and t7 and t8 are consecutive disasters caused by dependent hazards where in the case
of t5 and t6 the earthquake triggered a nuclear meltdown and in the case of t7 and t8 a ﬂood resulted in a landslide. The
impact of the events (at t6 and t8) are different from each other as depicted by the different lengths of lines J‐K versus
N‐O. Here, we show the impact variable on the y axis returning to a predisaster level; hence, for simplicity reasons it does
not include changes in exposure.

“Natech” (Natural‐Technological) events; see Box 2) (Girgin et al., 2019). Although we focus in this article on
natural hazards triggering other natural hazards, the signiﬁcance of cascading impacts generating new
hazards and risk through technological failures should not be ignored. Another type of dependent process
is that of catalysis or impedance relationships, such as a tropical storm induced ﬂooding where other
anthropogenic processes can catalyze the triggering relationships between two natural hazards (Gill &
Malamud, 2016). An example of the latter is increased urbanization or infrastructure failures (e.g.,
blocked drainage systems) increasing the damages due to a tropical storm triggered ﬂooding.
DE RUITER ET AL.
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This hazard interaction typology does not capture compound events. Compound weather and climate events
are deﬁned as a combination of multiple drivers and/or hazards that contribute to risk (Leonard et al., 2014;
Zscheischler et al., 2018). This was for example the case in the 2014 Californian droughts: The precipitation
deﬁcit was not a record low but its coincidence with substantially higher temperatures and heatwaves did
create an extreme event (AghaKouchak et al., 2014). Hence, compound events can include two or more different hazards that have the same climatic driver, such as a heatwave causing both droughts and wildﬁres
(Zscheischler et al., 2018).

Box 2 : Natural‐Technological (NATECH) events
Natech disasters are a type of cascading events and are commonly deﬁned as natural hazards triggering technological hazards (Marzo et al., 2015; Showalter & Myers, 1992). A well‐known example of a Natech event is
the Great Tohoku earthquake that hit Japan in 2011, which together with a subsequent tsunami caused the
Fukishima nuclear reactor meltdown (Nascimento & Alencar, 2016; Peduzzi, 2019). Another example from
the same event is that of the two Fujinuma Dams, which failed as a result of the Great Tohoku earthquake,
and subsequently caused ﬂooding (Pradel et al. 2013). With regards to Natech events, emergency responders
are often not well‐equipped nor trained to cope with consecutive or concurrent disasters (Girgin et al., 2019;
Steinberg et al., 2008). Many DRR and DRM frameworks fail to include Natech risk (Girgin et al., 2019; Necci
et al., 2018). At an international level, some regulations have started to include Natech events, such as the
EU 2012/18 directive on the control of major‐accident hazards involving dangerous substances (Directive,
2012). Nonetheless, there continues to be a lack in comprehensive local and national scale risk assessments
that include both natural and Natech risk (Girgin et al., 2019). In the EU, member states were encouraged to
conduct National Risk Assessments (NRAs), and while Natech risk was not considered in a systematic
approach, some countries did recognize the relation between the increased potential of Natech events and
their impacts, and the effects of climate change (EC, 2017). One approach to assess the risk of cascading
impacts of Natech events is through scenario analysis (Girgin et al., 2019), where the risk of the most representative combinations of hazard interactions is calculated (Marzocchi et al., 2012). However, the scenario‐
based analysis still does not fully capture the possibly complex picture of consecutive disasters and will be
very difﬁcult – if not impossible – to apply to a global scale risk analysis.

2.2. Causes
The literature recognizes different drivers of disaster, the interconnectedness of which characterizes the
complex nature of risk (Cutter et al., 2015; Peduzzi, 2019; Pescaroli et al., 2018; Pescaroli & Alexander,
2015). We discuss these drivers based on the three components of risk.
Historically, the number of recorded disasters caused by natural hazards has more than doubled since 1980
(Cutter et al., 2015). Climate change is widely recognized as an important cause of the increased frequency
and intensity of nontectonic hazards as, through changes in thermodynamics, warmer air will increase evaporation and atmospheric moisture content (Dilley et al., 2005; Emori & Brown, 2005; Forzieri et al., 2016;
Gallina et al., 2016; IPCC, 2014; Mann et al., 2017; Mora et al., 2018; Papalexiou & Montanari, 2019; Peduzzi,
2019). Mora et al. (2018) showed that greenhouse gas emissions are a major cause of the intensiﬁcation of
climate hazards (e.g., ﬂoods, droughts, and heatwaves). In the Northern Hemisphere, future extreme
weather events, especially during the summer, will become more pronounced due to these thermodynamic
changes (Coumou et al., 2018; Kornhuber et al., 2019). This has direct effects upon those living in the midlatitudes (Mann et al., 2017, 2018). During the Northern Hemisphere's summer and especially at midlatitudes, changes in the midlatitude Jetstream can cause Rossby waves (also known as meanders in the
Jetstream), which in their turn can cause above normal temperatures (Kornhuber et al., 2019). This then
contributes to a slowdown or stalling of (extra)tropical cyclones (e.g., Hurricane Harvey and the 2014
Balkans cyclone) (Hall & Kossin, 2019), which subsequently increases rain in the cyclone‐affected region
(Mann et al., 2017, 2018). These compounding effects can create more extreme weather events with high
impacts (Coumou et al., 2018; Kornhuber et al., 2019; Mann et al., 2018). Moreover, these Northern
Hemisphere summertime standing Rossby waves are likely to become both more frequent and persistent
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leading to locally more persistent extreme weather conditions (Kornhuber et al., 2019; Mann et al., 2018).
Examples of this are the 2018 extreme weather events in Japan, North America, The Balkans, and
Western Europe (Kornhuber et al., 2019; Stadtherr et al., 2016).
As a result, communities exposed to climate‐driven hazards are expected to experience more frequent disasters. When integrating to multiple hazard types, this inherently implies a higher chance of interactions that
occur over short time frames (Cutter et al., 2015), and therefore more consecutive disasters. It has been
shown that global warming is an important cause of the increased chance of concurrent drought and heatwave events (AghaKouchak et al., 2014). The 2014 and 2018 Californian drought events are prime examples
of low precipitation and extreme temperatures causing a range of disasters: Extreme wildﬁres (during the
2018 event over 1,800 km2 was scorched and 300 homes were destroyed), precipitation deﬁcits, damaged
soils (which in its turn increase the vulnerability to landslides and ﬂooding; Moftakhari & AghaKouchak,
2019), and decreased wintertime water storage (AghaKouchak et al., 2014, 2018). When combining the patterns of changes for all climate hazards, the largest co‐occurrence of change is projected to concentrate in the
coastal tropical regions (Mora et al., 2018). In coastal regions, climate change is likely to affect sea level rise,
which in its turn can affect the likelihood of compound hazards (Moftakhari et al., 2017; Wahl et al., 2015).
Many of these regions happen to coincide with active seismic zones, such as the so‐called Ring of Fire, as
earthquakes and volcanic eruptions tend to occur more frequently in the proximity of coastal zones as they
emerge at the boundaries of tectonic plates (Kron, 2013; Terry & Goff, 2012).
Many communities face an increasing risk of multiple disasters due to growing exposure driven by socioeconomic processes such as urbanization and the interconnectedness of human society (Cutter et al., 2015). The
dynamic nature of exposure and vulnerability as causes of damages from consecutive disasters is even less
understood than that of hazard (Formetta & Feyen, 2019a; Smith et al., 2019). Moreover, DRM still often fails
to address drivers of increasing exposure and vulnerability such as uncontrolled urbanization in high‐risk
locations (Keating et al., 2017). Peduzzi (2019) discusses how disaster risk can be perceived as a dynamic
compound event caused in large part by anthropogenic actions and is linked to global change. For example,
the relocation of communities from the ﬂanks of a volcano may decrease their exposure to volcanic hazards
but increase their exposure to other hazards, such as ﬂoods. Earthquakes can damage and weaken physical
infrastructure and therefore increase its vulnerability to future hazards. It has been shown that the increased
interconnectivity of infrastructural networks makes it more vulnerable (Sun et al., 2019). The dynamic
nature of exposure and vulnerability can therefore result in speciﬁc challenges to DRR in contexts where
hazards occur consecutively. Only a very limited number of studies have tried to include changes in social
and physical vulnerability, for example, through networked risk analysis (Clark‐Ginsberg et al., 2018; Gill
& Malamud, 2016; Jongman et al., 2015). This underscores the increasing need for a shift to a holistic
paradigm of risk and risk reduction (Peduzzi, 2019).
2.3. Occurrences
As a ﬁrst‐order example to illustrate the scope of the consecutive disasters problem, this is illustrated in
Figure 3, in this case for tropical cyclones and earthquakes. We use earthquakes and tropical cyclones due
to the availability of historic empirical events data (going back until 1960), which has been cited often,
and because the two hazards do not have the same drivers, to the best of our knowledge. In Figure 3, we present the total number of consecutive earthquake and tropical cyclone events that occurred within a time
window of 3 or 30 days, based on observations from 1960 to 2016 at any given administrative Level 2 area
(GADM, 2018). These successions of events can consist of tropical cyclones only (backward slanted lines,
\\), earthquakes only (forward slanted lines, //) or both disaster types hitting the same area (dotted)
(Figure 3). We generated footprints of tropical cyclones when these were either classed as tropical storms
or higher intensity by applying a buffer of 80 km both sides from the track, as applied in Tate et al. (2010),
using the IBTrACS data set v03r10 (Knapp et al., 2010). For earthquakes, we considered areas subjected to
a Modiﬁed Mercalli Intensity Category VIII or higher using a circular radius dependent on the earthquake
moment magnitude recorded by the U.S. Geological Survey (USGS) Comprehensive Earthquake Catalog
(U.S. Geological Survey, 2017). This relationship was derived based on the analysis of 6,320 raster ﬁles
(USGS ShakeMap) produced by USGS for earthquakes with a moment magnitude of at least 5. The spatial
footprints for each tropical cyclone and earthquake event were intersected with administrative boundaries
from GADM (2018).
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Figure 3. Total number of consecutive events considering earthquake (EQ) and tropical cyclone (TC) interactions. Colored Administrative 2 areas denote regions
where at least one EQ or at least one TC has occurred within the period from 1960 until 2016. The top panel shows the total number of consecutive events
occurring within a 3‐day time window of each other, and the bottom panel uses a 30‐day time window. The insets show details for the Philippines and Taiwan.

Areas exposed to strong tropical cyclone and/or earthquake activity, such as the Philippines and Taiwan,
show a high number of consecutive events occurring within a 30‐day window of each other (see inset in
Figure 3), which is still a short timespan for recovery operations. In Figure 3, a similar number of total consecutive events might not necessarily reﬂect a similar strength in multihazard interactions. We use the total
number of events observed for every administrative Level 2 area to provide the relative frequency of these
occurrences (Figure S1 in the supporting information) while acknowledging that this empirical probability
is particularly uncertain in regions with low tropical cyclone or earthquake activity (Figure S2).
Approximately 800 million people face a relative frequency of 20% or more of experiencing more than one
disaster within a time window of 30 days (Figure S3). This corresponds to about 10% of the global population.
Next, we focus on the Philippines and the eruption of Mount Pinatubo to highlight the temporal dynamics of
multiple hazard interactions. Figure 4 presents the occurrence of tropical cyclones and earthquakes from the
data set for a district in the Zambales region where the stratovolcano is located. We add two additional types
of hazards, ﬂood events obtained from the Dartmouth Flood Observatory (Brakenridge & Anderson, 2004)
and volcanic eruptions from the Smithsonian database (Global Volcanism Program, 2013).
The 3‐month‐long eruption of Mount Pinatubo in 1991 coincided with the occurrence of a large earthquake,
the passage of tropical cyclone Yunya and a ﬂood event. While the earthquake can be linked to the eruption
(Jones et al., 2001) the occurrence of the tropical cyclone is completely independent from these two hazards.
Yet, because the eruption happened during the typhoon season, the impacts of these series of events aligned
to create consecutive disasters. The intense rainfall brought by the tropical cyclone triggered lahars. More
than 2 million people were displaced, 8,000 houses were damaged, and more than 300 casualties were
reported. This example highlights the importance of considering spatial and temporal dynamics in risk
modeling and the recovery process.
DE RUITER ET AL.
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Figure 4. Hazardous events for the Zambales district in the Philippines. Crosses indicate that the district is impacted by an
event with the color referring to a tropical cyclone (blue), a reported ﬂood (light blue), an earthquake (red), and a volcanic
eruption (brown). The 1991 volcanic eruption refers to the eruption of Mount Pinatubo, one of the biggest eruptions
in the twentieth century. The event was accompanied by a major earthquake and coincided with the passage of Typhoon
Yunya, which triggered lahars and caused ﬂoods. DFO data are available from 1980 onward and only includes ﬂood
events that caused damages or losses to humans.

2.4. Impacts
Increasing hazard frequencies and intensities, together with increased exposure and vulnerability of people
and assets (IPCC, 2014), have contributed to aggravated risk and resultant global economic losses
(di Baldassarre et al., 2018; Wallemacq & House, 2018). Extreme weather events and their impacts are
intensifying especially in the world's major breadbasket regions (Coumou et al., 2018). These are located
in the midlatitudes where many crop types are vulnerable to extreme heat, and the global food production
is therefore facing increasing risk (Coumou et al., 2018). To address this, there is a need to increase understanding of the changing nature of hazards at all levels, from individuals to scientists, to policy makers
(AghaKouchak et al., 2018; Cutter et al., 2015; Mora et al., 2018; Peduzzi, 2019).
The impact of a disaster can be measured through different indicators that represent losses and damages
(Birkmann, 2007; De Ruiter et al., 2017). Losses are often considered to be irreversible, such as casualties,
while damages are considered to be reversible impacts such as injuries and building damages (Mechler &
Schinko, 2016). The selection of indicators can have substantial effects on our understanding of the impacts
of an event. Insured losses are commonly measured through the number and extent of damaged property
(Kunreuther & Pauly, 2006). Hence, an earthquake can cause a large number of buildings to be destroyed,
which cannot sustain any more damage during a subsequent disaster if the time window between the two
disasters is short enough to not allow for rebuilding after the ﬁrst disaster. Conversely, an aid organization
that uses the well‐being of people as an indicator may ﬁnd that people are actually worse off and more
exposed after the earthquake, making them more vulnerable during a second disaster. Both human and
aid resources are limited and can be depleted after the ﬁrst event, aggravating the ﬁrst response and recovery, which in turn inﬂuences the vulnerability at the time of the second event. For example, in Tasmania,
ﬁrst responders' resources were compromised after the late January 2016 ﬂooding, challenging the response
to the February wildﬁres (Hobday et al., 2016).
The impacts of consecutive disasters can be substantial and greater than the sum of its parts (Kappes et al.,
2012; Marzocchi et al., 2012), and the impacts of a second event can be larger than that of a ﬁrst event
(see Figures 2 and 5), as demonstrated by the case of the Fukushima disaster caused by the Great Tohoku
earthquake: The overall consequences of the triggered event (the nuclear accident) are often considered to
be far worse than those of the triggers (the earthquake and the tsunami) (Nagamatsu et al., 2011; Peduzzi,
2019). However, the impacts strongly depend on the metric considered: The vast majority of fatalities
(92.5%) occurred as a result of drowning due to the tsunami that followed the earthquake (Nagamatsu
et al., 2011). Few studies assess this nonlinearity of the impacts of consecutive disasters at different spatial
and/or temporal scales (Budimir et al., 2014; Kappes et al., 2012). In a study of historic earthquake losses,
Daniell et al. (2017) set out to attribute historic fatalities and economic losses to earthquakes and the triggered events such as ﬁres, tsunamis, and landslides. The study found that the 100 most damaging earthquakes since 1900 account for 93% of all earthquake fatalities occurring since 1900 and that 40% of the
fatalities and economic losses can be attributed to secondary events such as landslides and tsunamis caused
by these earthquakes (Daniell et al., 2017). Finally, the literature recognizes the growing need to better
understand the vulnerability of ecosystems to a succession of (climate‐driven) disasters, such as the impacts
of the 2016 and 2017 heatwaves on the Great Barrier Reef (Hughes et al., 2019).
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Figure 5. Different dimensions of impact: spatial dynamics (artwork by Henk de Boer©). Schematic representation of spatial changes in exposure and vulnerability
due to consecutive disasters. The left panel depicts the predisaster situation where in the front, a large city is located near two rivers and in the background, there is a
small‐town village in the mountains. In the middle panel, a ﬂood hits the large city and people ﬂee toward the small town in the mountains where they are forced to
live in tents. The ﬂoods have caused slope instability and subsequently a landslide struck the refugee camp in the mountains, as shown in the right panel. The
refugees in the tents are more vulnerable to the impacts of the landslide compared to those living in houses. Finally, because humanitarian resources were deployed
toward the large city directly after the ﬂood, which were subsequently depleted, there are fewer resources available to assist the victims of the landslide.

Even when there is no direct spatial overlap between different events, indirect impacts can extend far beyond
the immediate disaster‐struck area (Koks, 2018; Koks et al., 2015; Otto et al., 2017; Poledna et al., 2018;
Serinaldi et al., 2018). Poledna et al. (2018) use an Agent Based Model to estimate the indirect economic
impacts of disasters over time and ﬁnd that large‐scale events can brieﬂy boost the economy at the short
to medium term, although in the long run they will have negative economic impacts. In light of the growing
frequency of consecutive disasters, the EU advises its member states to conduct risk assessments not only at
time scales that reﬂect the immediate postdisaster response but include long‐term hazard (driver) trends and
the impacts of DRR measures (EC., 2017). Please note that we use the term “DRR measures” in abroad sense,
and it can therefore include climate adaptation measures. Finally, there are still gaps in our ability to predict
the long term impacts of re‐occurring extreme weather events on changing migration patterns
(Wang & Taylor, 2016), the spread of infectious diseases, for example, through vectors that are transmitted
via outside hosts such as ticks or mosquitos (Wu et al., 2016), and on the feedbacks between the occurrence
of consecutive disasters and conﬂicts (Mach et al., 2019; Schleussner et al., 2016; Xu et al., 2016).

3. Consecutive Risk Modeling
Although hazard studies still predominantly focus on single hazards and are limited in terms of temporal
and spatial dynamics (Duncan et al., 2016; Gall et al., 2011; Kappes et al., 2012), there is a growing body
of multihazard/risk assessment related publications (Kappes et al., 2012), exploring different components
of this ﬁeld. Some selected examples are shown in Table 1. There is a general recognition that the modeling
of multihazard risk needs to improve, incorporating changes in exposure and vulnerability to understand
dynamic risk and how risk can be reduced (Chang et al., 2018; Formetta & Feyen, 2019b; Mignan et al.,
2014), and integrating societal processes (Weichselgartner & Pigeon, 2015). What sets consecutive risk
assessments apart from assessments where hazards or disasters are treated in isolation are (1) their spatial
dynamics, (2) temporal dynamics, and (3) the need for a cross‐hazard comparable method to measure
impacts. Some studies have focused on characterizing the potential relationships or dependencies between
natural hazards (e.g., Gill & Malamud, 2014), whereas others have set out probabilistic methods to understand potential multihazard risk scenarios (e.g., Mignan et al., 2014). In the literature, many challenges in
assessing multiple, consecutive, interacting or cascading risks have been discussed (Duncan et al., 2016;
Gill & Malamud, 2016; Kappes et al., 2012; Liu et al., 2015; Marzocchi et al., 2012). Here we provide a brief
overview of the state‐of‐the‐art in consecutive risk modeling and discuss the existing challenges.
3.1. Spatial Dynamics
Generally, multihazard risk assessments are studied based on the spatial overlap between the risk of
different hazard types as faced by one particular geographical area and the thematic clustering of hazards
(Kappes et al., 2012). This focus on spatial overlap is discussed in different multihazard risk studies
(e.g., Hewitt & Burton, 1971; Kappes et al., 2011) and reﬂected by the typical focus on local‐scale case studies
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Table 1
Selected Examples of Literature Covering Different Aspects of Consecutive Disasters
Component/aspect(s)
Hazard
Hazard dependencies
Probabilistic hazard
interactions
Statistical hazard
interactions
Statistical weather‐driven
hazard interactions
Exposure
Future exposure and future
multihazard risk
Vulnerability
Vulnerability
Infrastructure
Buildings
Changing vulnerability
curves
Resilience
Multievent resilience

Reference
(Gill & Malamud, 2014)
(Mignan et al., 2014)
(Selva, 2013)

Brief study description
Characterization of dependencies between different
types of natural hazard.
Probabilistic methods to assess multihazard scenarios.
Statistical assessment of hazard interactions on risk

(Hillier et al., 2015)

Statistical assessment of weather‐driven hazard interactions
and their monetary damages.

(Chang et al., 2018)

Accounting for changing exposure and future multirisk.

(Gill & Malamud, 2016)
(Fereshtehnejad & Shaﬁeezadeh, 2018)
(Korswagen et al., 2019)
(Reed et al., 2016)

(Zobel & Khansa, 2014)

A quantitative measure of resilience in the presence of multiple
related sudden‐onset disasters.
Measure of disaster resilience over time.

Resilience
Response
Compromised resources

(Hobday et al., 2016)

Tasmania, ﬁrst responders' resources were compromised after the late
January 2016 ﬂooding, challenging the response to the February wildﬁres.

Impacts
Nonlinearity of impacts

(Budimir et al., 2014)

A multivariate statistical approach to assess the nonlinearity of impacts
of earthquakes and earthquake induced landslides.
Attribution of fatalities due to earthquakes and their secondary effects.
Assessment of the cumulative costs of frequent events for coastal
cities in the United States.

Impact attribution
Economic losses

(Keating et al., 2017)

Changing vulnerability over time due to consecutive events.
Infrastructure lifecycle costs and changing vulnerability analysis of
infrastructure affected by consecutive disasters.
Probabilistic assessment of structural damages due to consecutive disasters.
Lifeline fragility curves for multiple hazards and hazard interactions
based on a statistical approach.

(Daniell et al., 2017)
(Moftakhari et al., 2017)

(e.g., Grünthal et al., 2006; Marzocchi et al., 2012) or on single elements such as potential dike failure due to
ﬂoods and earthquakes (Tyagunov et al., 2018) and speciﬁc infrastructure systems prone to multitype
hazards or multioccurrence of a single hazard type (Fereshtehnejad & Shaﬁeezadeh, 2018). In large‐scale
multirisk assessment tools, such as the EU's ARMONIA, different hazard types can be spatially overlaid,
but the hazards are treated as being independent from each other (Gallina et al., 2016). Understanding
the direct and indirect impacts of consecutive disasters requires detailed exposure data. Development and
humanitarian organizations do collect impact or needs data, but these are often project or intervention
based, hence very local and incidental, and these heterogenous data are therefore not directly usable for
research purposes. Van den Homberg and McQuistan (2019) provide an overview of the loss and damage
reporting in key global agreements such as the SFDRR and the Paris Agreement and show that the
reporting is still done at a very high spatial level. Some studies have created spatially detailed exposure
data, but this continues to be temporally static (Smith et al., 2019; Tiecke et al., 2017).
3.2. Temporal Dynamics
The temporal aspect takes into account how changes over time between two disasters inﬂuence the damage
potential at the time of a second disaster. The temporal aspect has been studied to a much lesser extent and
only in more recent years (Chang et al., 2018; Selva, 2013). Most risk assessments assume that the probability
of failure of a system (e.g., the building stock) is not compromised by an earlier event (Selva, 2013). Only very
few studies (e.g., Korswagen et al., 2019; Lee & Rosowsky, 2006; Yeo & Cornell, 2005) have tried to include
the additive effect of a second event in (probabilistic) damage curves or suggest methods to account for this
(Kappes et al., 2012). This is even the case for single‐hazard assessments as, for instance, the duration of a
ﬂood event is currently rarely accounted for in major ﬂood risk studies despite its importance for
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assessing indirect losses (Ward et al., 2016). Due to their interactions, if more than one hazard impacts the
same area within a short enough timespan, one would expect both the risk and impacts to be different from
the sum of their individual components (Kappes et al., 2010; Tarvainen et al., 2006). On the short term, vulnerability is likely to increase at the time of a second disaster due to the direct impacts of the ﬁrst disaster
(Goebel et al., 2015; Kappes et al., 2011). On a longer time scale, vulnerability could decrease rather than
increase due to the implementation of DRR measures or raised preparedness levels (di Baldassarre,
Nohrstedt, et al., 2018; Formetta & Feyen, 2019b; Marzocchi et al., 2012), such as those proposed by the
Build Back Better‐framework (Mannakkara & Wilkinson, 2014).
The European Commission Joint Research Centre's INFORM risk index, for example, accounts for the relative number of people affected by shocks in the past three years, scaling down the number with 0.5 and 0.25
for the second year and third year as it assumes that vulnerability decreases progressively through recovery
(JRC, 2015). Yet, despite the recognition of the importance of this aspect (Fraser et al., 2016), very little
research has been carried out (di Baldassarre, Nohrstedt, et al., 2018), maybe due to its complexity. This
underscores the need for risk frameworks and models to include temporal dynamics as an explicit component (2017), such as in Agent Based Models (Aerts et al., 2018; Haer et al., 2019). This also calls for data sets
to include exposure dynamics, such as migration (Wang & Taylor, 2016) or DRR measures (Berrang‐Ford
et al., 2019; Scussolini et al., 2016), a component often lacking in most advanced data sets (EC., 2017).
Selecting an appropriate temporal resolution is crucial in capturing different impacts (Gallina et al., 2016)
and depends on the user and the spatial scale of the assessment (Gill & Malamud, 2016). The (re)insurance
industry typically considers a second disaster to be a new loss occurrence when that second disaster is at least
72 to 168 hr apart from the ﬁrst, depending on the hazard type, the so‐called “hours clause” (Serinaldi et al.,
2018). Conversely, the recovery time window considered by local decision makers and postdisaster aid organizations can go up to years (Marzocchi et al., 2012). The consecutive occurrence of disasters also poses extra
challenges for governments (EC., 2017) and humanitarian logistics (Baharmand et al., 2017; Ransikarbum &
Mason, 2016).
3.3. Accounting for More Than One Risk
Another challenge is that of comparing and combining risk or impact assessments between different hazard
types or for multiple events caused by the same hazard type. This requires a standardized unit to measure
and cumulate the impacts of different hazard types, which is difﬁcult to deﬁne (Kappes et al., 2012;
Korswagen et al., 2019; Marzocchi et al., 2012). This challenge stems in large part from hazards typically
being studied in a monodisciplinary fashion (Cutter et al., 2015; Kappes et al., 2012; Peduzzi, 2019). The thematic clustering separating the disciplines causes a lack of understanding between different disciplines due
to terminology differences (De Ruiter et al., 2017; Marzocchi et al., 2012). For example, tropical cyclones and
earthquakes are independent and distinctly different disasters, stemming from different hazard groups
(atmospheric and geophysical respectively) and their impacts occur at very different temporal and spatial
scales (Gill & Malamud, 2014). As single or univariate hazard risk assessments tend to either signiﬁcantly
overestimate or underestimate risk of compound events (Moftakhari et al., 2019). AghaKouchak et al.
(2014) suggest to assess the risk of compound events caused by climatic extremes using a multivariate framework that can account for compound and concurrent events. Tian et al. (2019) developed a novel framework
that allows for the assessment of temporal and spatial changes in community multihazards resilience
assessment by taking into account the following ﬁve aspects: original prehazard conditions, coping capacity,
adaptive capability, hazard loss, and exposure.

4. Research and Policy Roadmap
The state‐of‐the‐art within social sciences and governance research has identiﬁed the need to improve our
scientiﬁc understanding of multirisk assessments (Cutter, 2018;Peduzzi, 2019 ; Scolobig et al., 2017). What
characterizes the currently prevailing risk assessment paradigm is that risk is often represented as static,
fragmented in terms of hazard types and the focus tends to be on the hazard component rather than the
(dynamics of) exposure and vulnerability and does not account for the impacts of DRR measures. Given
the global and potentially increasing frequency and gravity of consecutive disasters and their impacts, as a
result of both climate change (IPCC, 2018) and changes in exposure and vulnerability, there is a high
urgency to recognize the importance to perceive consecutive disasters holistically, rather than as stand‐
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Figure 6. Disaster risk management cycle for consecutive disasters. When accounting for the risk of consecutive disasters,
the dynamics of the different risk components should become part of all phases of the DRM cycle. For example, when
identifying areas that can be used to set up temporary shelters, people should not be moved to areas at (increased) risk
of a consecutive disaster. When developing DRR policies, these should consider not only one prevailing risk but also the
risk of consecutive disasters. Background DRM cycle is adapted from UNOCHA (OCHA, 2013).

alone events, acknowledging their complexity and accounting for the interconnectivity of the different
drivers of consecutive disasters (Ismail‐Zadeh et al., 2017; Peduzzi, 2019). The application of such
interdisciplinary system thinking has recently resulted in the launch of the Global Risk Assessment
Framework that aims to provide decision makers with actionable insight on how to approach complex
systemic risks (Global Risk Assessment Framework, 2019). Figure 6 shows the DRM cycle with the
temporal and spatial dynamics of consecutive risk added.
Many challenges in multirisk governance and institutional barriers continue to exist that prevent policy
makers from accounting for consecutive risk in DRR planning (Scolobig et al., 2017). In part, these challenges result from insufﬁcient scientiﬁc understanding of the complexities of multirisk assessments, hindering the scientiﬁc support for decision makers in addressing multirisk (Scolobig et al., 2017). Going forward,
we need a paradigm shift to take a holistic view of risk that in its turn enables the development of more sustainable design of DRR measures and holistic risk management policies (Cutter et al., 2015; Peduzzi, 2019;
Scolobig et al., 2017). Moreover, owing to the complexities of multihazard risk, the coupling between the
generation of multirisk knowledge and multirisk governance needs to be improved. The codesign of policies
between policy makers, communities, and scientists allows decision makers to tailor disaster preparedness
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policies to local or regional needs and it can help identify how resilience and DRR measures would respond
to (the interaction between) different hazard types and consecutive disasters (Weichselgartner & Pigeon,
2015). We therefore outline the following roadmap highlighting key future research and policy directions,
and possible ways to strengthen coherent policies for DRR.
• Understanding the spatial and temporal dynamics of consecutive disasters requires large amounts of data
on hazards, exposure, vulnerability, and impacts. Data need to be available and standardized across sectors and hazard types, and unlocking high‐resolution and novel data such as those obtained through
drones, online media, and citizen science should become more mainstream and integrated with other
data sources. As data quality and availability improve, consecutive risk assessment models need to be able
to incorporate different data sources, hazard interactions, and temporal and spatial dynamics. However,
institutional arrangements currently lack the ability to address consecutive disasters during all phases of
the DRM cycle. Therefore, more emphasis should be put on transdisciplinary collaborations to enable
cross‐discipline understanding and the development of multidimensional consecutive risk models that
can account for interdependencies between hazards (AghaKouchak et al., 2018).
• Potential adverse effects of DRR measures directed toward one hazard type on other hazard types need to
be better understood as recognized in recent literature (e.g. di Baldassarre et al., 2018; Scolobig et al., 2017)
and reﬂected in subsequent cost and beneﬁt analysis (e.g., Hochrainer‐Stigler et al., 2010; Kull et al.,
2013). This is in part due to the fragmentation of scientiﬁc knowledge and a lack of coproduction of
knowledge with stakeholders such as policy makers (Ismail‐Zadeh et al., 2017). A coherent and integrated
approach for creating DRR to support policy and decision makers is required and should be informed by a
body of transdisciplinary, international DRR experts (Cutter et al., 2015; Scolobig et al., 2017).
• Currently, disaster management and humanitarian aid logistics tend to focus on the short‐term impacts of
a disaster. Especially due to the dynamic nature of consecutive risk, risk frameworks and subsequent DRR
policy need to be increasingly holistic, include long‐term planning and indirect impacts. Due to the
dynamic nature of consecutive disasters, disaster governance takes place at different stages of the DRM
cycle (Blair et al., 2018) as reﬂected in Figure 6, with the response and recovery phases of postdisaster
operations least understood (Ransikarbum & Mason, 2016). Accounting for more than one hazard type
would force decision makers to include long‐term planning and could allow them to tailor risk reduction
measures accordingly (Durham, 2003) and develop more effective urban planning policies (Peduzzi, 2019;
Scolobig et al., 2017). Damage attribution studies may help in this regard by providing decision makers
with information about the relative importance of different drivers on damage, thereby helping to direct
risk reduction investments. Both large‐ and local‐scale approaches are required and the possibility to scale
between them should be improved to create a more comprehensive understanding of the local impacts of
consecutive disasters, thereby including indirect impacts. Generally, indirect impacts should be better
accounted for, and the lag time for indirect impacts to become visible should be incorporated in models.
• We need to critically rethink the indicators used to measure impacts in different contexts, and how this
can enable an increased understanding of the dynamics of risk and impacts. The impact data that are collected by governmental stakeholders (including ﬁrst responders), international and humanitarian organizations, and researchers from different ﬁelds are very heterogenous (AghaKouchak et al., 2018; Cutter
et al., 2015; Weichselgartner & Pigeon, 2015) and often collected at different times after the disaster hits
(van den Homberg et al., 2018). A standardization of data facilitates coupling between models and would
allow for better modeling of consecutive risk. Some attempts have been made. For example, the UN's
Inter‐Agency Standing Committee has provided guidelines to the humanitarian sector for coordinated
impact assessments (Inter‐Agency Standing Committee, 2012) and the World Meteorological
Organisation has started a pilot project to systematically catalogue hazard information of hydrometeorological events allowing for a unique matching with other loss and damage databases (WMO, 2018).
Despite these coordination guidelines and efforts, usually there is still a plethora of assessments reports
(Van den Homberg et al., 2014). Moreover, the guidelines are developed for typical sudden onset disasters;
no speciﬁc adaptations are known for consecutive disasters. As accounting for consecutive disasters
brings with it the challenge of attributing damages, it would beneﬁt greatly from a clear typology of
impact indictors.
• Finally, data sets are usually not freely accessible as they tend to be protected by nondisclosure agreements (Gall et al., 2011; Weichselgartner & Pigeon, 2015). An increased collaboration between researchers, ﬁrst responders, and institutes and companies collecting data could increase data availability for
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research and early response purposes (van den Homberg et al., 2018; Weichselgartner & Pigeon, 2015).
Improved data availability and quality enables benchmarking, which is crucial for assessing disaster
resilience over time (Keating et al., 2017). Similarly, an improved knowledge transfer and codesign of
DRR contribute to community‐level resilience (Cutter et al., 2015).

5. Conclusions
We provide an overview of the state‐of‐the‐art in the understanding of consecutive disasters as discussed in
the literature. We outlined the different types of consecutive disasters, their causes, and impacts. Existing
empirical earthquake and tropical cyclone disaster databases were used to demonstrate the global probabilistic occurrence of these hazard types. The impacts of consecutive disasters can be distinctly different from
single hazards, and their prevalence is increasing due to climate change and increasing socioeconomic
exposure and consecutive disaster vulnerability. We identiﬁed the knowledge gaps based on our review of
consecutive risk assessments and made suggestions for improvements that can beneﬁt stakeholders at various spatial scales such as policy makers, urban planners, ﬁrst aid responders, and disaster recovery agencies,
as well as (re)insurance and ﬁnancial industry. However, identifying the current modeling gaps is only one
part of the problem. Even with perfect consecutive disaster modeling capabilities, the current institutional
arrangements continue to lack the ability to address consecutive disasters during all phases of the DRM cycle
(i.e., developing preventive policies, early action response plans, etc.). To better address consecutive
disasters, from a modeling as well as from a policy perspective, requires a more holistic approach to DRM.

Data Availability Statement
The data set created for the global past consecutive earthquake and tropical cyclone disasters at
administrative boundaries Level 2 are freely available online using Harvard University's data
archive software “DataverseNL” (https://dataverse.nl/dataset.xhtml?persistentId=hdl:10411/NYLQWW).
Population Density Data were obtained from NASA's Socioeconomic Data and Applications Center
(SEDAC) open access GWPv4 database; GWPv4 contains globally gridded population data for every 5
years between 2000 and 2020 (Center for International Earth Science Information Network‐CIESIN‐
Columbia University, 2018). Reported ﬂood events and volcanic eruption data used for Figure 4 were
obtained from the Dartmouth Flood Observatory and the Smithsonian database.

Acknowledgments
The authors declare no conﬂicts of
interests. The authors would like to
thank Dim Coumou, Stefﬁ Uhlemann,
Florian Elmer, and Graeme Riddell for
their very valuable comments and
suggestions. This work has been funded
by a VIDI grant from the Netherlands
Organisation for Scientiﬁc Research
(NWO) (016.161.324). Joel Gill's contribution to this article was supported by
the British Geological Survey NC‐ODA
Grant NE/R000069/1: Geoscience for
Sustainable Futures, and he publishes
with the permission of the Executive
Director, British Geological Survey
(UKRI). The artwork for Figure 5 are
from and used with permission of Henk
de Boer (www.henkdeboer.nl) and are
under copyright of the artist.

DE RUITER ET AL.

References
Aerts, J. C. J. H., Botzen, W. J., Clarke, K. C., Cutter, S. L., Hall, J. W., Merz, B., et al. (2018). Integrating human behaviour dynamics into
ﬂood disaster risk assessment. Nature Climate Change, 8(3), 193–199. https://doi.org/10.1038/s41558‐018‐0085‐1
AghaKouchak, A., Cheng, L., Mazdiyasni, O., & Farahmand, A. (2014). Global warming and changes in risk of concurrent climate extremes:
Insights from the 2014 California drought. Geophysical Research Letters, 41, 8847–8852. https://doi.org/10.1002/2014GL062308
AghaKouchak, A., Huning, L. S., Chiang, F., Sadegh, M., Vahedifard, F., Mazdiyasni, O., et al. (2018). How do natural hazards cascade to
cause disasters? Nature, 561(7724), 458–460. https://doi.org/10.1038/d41586‐018‐06783‐6
Bacigalupe, G. (2019). Disasters are never natural: Emerging media to map lives and territories at risk. In Family Systems and Global
Humanitarian Mental Health (pp. 23–33). Cham (Switzerland): Springer. https://doi.org/10.1007/978‐3‐030‐03216‐6_3
Baharmand, H., Comes, T., & Lauras, M. (2017). Managing in‐country transportation risks in humanitarian supply chains by logistics
service providers: Insights from the 2015 Nepal earthquake. International Journal of Disaster Risk Reduction, 24, 549–559. https://doi.
org/10.1016/J.IJDRR.2017.07.007
BBC (2018). Japan hit by deadly earthquake and mudslides—BBC News. Retrieved from https://www.bbc.com/news/world‐asia‐
45429673
Berrang‐Ford, L., Biesbroek, R., Ford, J. D., Lesnikowski, A., Tanabe, A., Wang, F. M., et al. (2019). Tracking global climate change
adaptation among governments. Nature Climate Change, 9(6), 440–449. https://doi.org/10.1038/s41558‐019‐0490‐0
Birkmann, J. (2007). Risk and vulnerability indicators at different scales: Applicability, usefulness and policy implications. Environmental
Hazards, 7(1), 20–31. https://doi.org/10.1016/j.envhaz.2007.04.002
Blair, B., Lovecraft, A. L., & Hum, R. (2018). The disaster Chronotope: Spatial and temporal learning in governance of extreme events. In G.
Forino, S. Bonati, & L. M. Calandra (Eds.), Governance of Risk, Hazards and Disasters (pp. 43–64). London: Routledge. https://doi.org/
10.4324/9781315463896‐4
Brakenridge, G. R., & Anderson, E. (2004). Satellite‐based inundation vectors. USA: Hanover.
Budimir, M. E. A., Atkinson, P. M., & Lewis, H. G. (2014). Earthquake‐and‐landslide events are associated with more fatalities than
earthquakes alone. Natural Hazards, 72(2), 895–914. https://doi.org/10.1007/s11069‐014‐1044‐4
Carpignano, A., Golia, E., Di Mauro, C., Bouchon, S., & Nordvik, J.‐P. (2009). A methodological approach for the deﬁnition of
multi‐risk maps at regional level: First application. Journal of Risk Research., 12(3‐4), 513–534. https://doi.org/10.1080/13669870903050269
Center for International Earth Science Information Network—CIESIN—Columbia University (2018). Gridded population of the world,
version 4 (GPWv4): Population count adjusted to Match 2015 revision of UN WPP Country totals, Revision 11. https://doi.org/10.7927/
H4PN93PB

15 of 19

Earth's Future

10.1029/2019EF001425

CFE‐DMHA (2010). Haiti: Hurricane Tomas update Tuesday November 9, 2010. Retrieved from https://reliefweb.int/sites/reliefweb.int/
ﬁles/resources/0C3EED76721FD112492577D7000C8FFB‐Full_Report.pdf
Chang, S. E., Yip, J. Z. K., & Tse, W. (2018). Effects of urban development on future multi‐hazard risk: The case of Vancouver, Canada.
Natural Hazards, 98(1), 251–265. https://doi.org/10.1007/s11069‐018‐3510‐x
Clark‐Ginsberg, A., Abolhassani, L., & Rahmati, E. A. (2018). Comparing networked and linear risk assessments: From theory to evidence.
International Journal of Disaster Risk Reduction, 30, 216–224. https://doi.org/10.1016/J.IJDRR.2018.04.031
Coumou, D., Di Capua, G., Vavrus, S., Wang, L., & Wang, S. (2018). The inﬂuence of Arctic ampliﬁcation on mid‐latitude summer circulation. Nature Communications, 9(1), 2959. https://doi.org/10.1038/s41467‐018‐05256‐8
Cutter, S. L. (2018). Compound, cascading, or complex disasters: What's in a name? Environment: Science and Policy for Sustainable
Development, 60(6), 16–25.
Cutter, S. L., Ismail‐Zadeh, A., Alcántara‐Ayala, I., Altan, O., Baker, D. N., Briceño, S., et al. (2015). Global risks: Pool knowledge to stem
losses from disasters. Nature, 522(7556), 277–279. https://doi.org/10.1038/522277a
Daniell, J. E., Schaefer, A. M., & Wenzel, F. (2017). Losses associated with secondary effects in earthquakes. Frontiers in Built Environment,
3. https://doi.org/10.3389/fbuil.2017.00030
Date, K., Vicari, A., Hyde, T., Mintz, E., Danovaro‐Holliday, M. C., Henry, A., et al. (2011). Considerations for oral cholera vaccine use
during outbreak after earthquake in Haiti, 2010–2011. Emerging Infectious Diseases, 17(11), 2105–2112. https://doi.org/10.3201/
eid1711.110822
De Ruiter, M. C., Ward, P. J., Daniell, J. E., & Aerts, J. C. J. H. (2017). Review article: A comparison of ﬂood and earthquake vulnerability
assessment indicators. Natural Hazards and Earth System Sciences, 17, 1231–1251. https://doi.org/10.5194/nhess‐17‐1231‐2017
di Baldassarre, G., Nohrstedt, D., Mård, J., Burchardt, S., Albin, C., Bondesson, S., et al. (2018). An integrative research framework
to unravel the interplay of natural hazards and vulnerabilities. Earth's Future, 6(3), 305–310. https://doi.org/10.1002/
2017EF000764
di Baldassarre, G., Wanders, N., AghaKouchak, A., Kuil, L., Rangecroft, S., Veldkamp, T. I. E., et al. (2018). Water shortages worsened by
reservoir effects. Nature Sustainability, 1(11), 617–622. https://doi.org/10.1038/s41893‐018‐0159‐0
Dilley, M., Chen, R. S., Deichmann, U., Lerner‐Lam, A. L., & Arnold, M. (2005). Natural disaster hotspots. Washington, DC: World Bank.
https://doi.org/10.1596/0‐8213‐5930‐4
Directive, C. (2012). 18/EU of 4 July 2012 on the control of major‐accident hazards involving dangerous substances, amending and subsequently repealing Council Directive 96/82. EC.
Duncan, M., Edwards, S., Kilburn, C., Twigg, J., & Crowley, K. (2016). An interrelated hazards approach to anticipating evolving risk. In
The making of a riskier future: How our decisions are shaping future disaster risk (pp. 114–121). Washington, D.C.: Global Facility for
Disaster Reduction and Recovery.
Durham, K. (2003). Treating the risks in Cairns. Natural Hazards, 30(2), 251–261.
EC (2017). Overview of natural and man‐made disaster risks the European Union may face. In Commission Staff Working Document
(pp. 1–112). Brussels: European Commission. https://doi.org/10.2777/30345
Emori, S., & Brown, S. J. (2005). Dynamic and thermodynamic changes in mean and extreme precipitation under changed climate.
Geophysical Research Letters, 32, L17706. https://doi.org/10.1029/2005GL023272
Eshrati, M., Mahmoudzadeh, A., & Taghvaei, M. (2015). Multi hazards risk assessment, a new methodology. International Journal of Health
System and Disaster Management, 3(2), 79. https://doi.org/10.4103/2347‐9019.151315
FDMA (2018). ペジが見つかりません お探しのペジは、移動または削除された可能性があります. Retrieved May 3, 2019, from Fire
and Disaster Management Agency, Japan's Ministry of Internal Affairs and Communications website: https://www.fdma.go.jp/bn/
eb3666cba6ca4a5ce2f584b8617c673d4dde4224.pdf
Fereshtehnejad, E., & Shaﬁeezadeh, A. (2018). A multi‐type multi‐occurrence hazard lifecycle cost analysis framework for infrastructure
management decision making. Engineering Structures, 167, 504–517. https://doi.org/10.1016/J.ENGSTRUCT.2018.04.049
Formetta, G., & Feyen, L. (2019). Empirical evidence of declining global vulnerability to climate‐related hazards. Global Environmental
Change, 57, 101920. https://doi.org/10.1016/J.GLOENVCHA.2019.05.004
Forzieri, G., Feyen, L., Russo, S., Vousdoukas, M., Alﬁeri, L., Outten, S., et al. (2016). Multi‐hazard assessment in Europe under climate
change. Climatic Change, 137(1–2), 105–119. https://doi.org/10.1007/s10584‐016‐1661‐x
Fraser, S., Jongman, B., Balog, S., Simpson, A., Saito, K., & Himmelfarb, A. (2016). The making of a riskier future: How our decisions are
shaping future disaster risk. Global Facility for Disaster Reduction and Recovery.
GADM (2018). GADM‐GADM database of global administrative areas. Retrieved June 14, 2019, from https://gadm.org/
Gall, M., Borden, K. A., Emrich, C. T., & Cutter, S. L. (2011). The unsustainable trend of natural hazard losses in the United States.
Sustainability, 3(12), 2157–2181. https://doi.org/10.3390/su3112157
Gallina, V., Torresan, S., Critto, A., Sperotto, A., Glade, T., & Marcomini, A. (2016). A review of multi‐risk methodologies for natural
hazards: Consequences and challenges for a climate change impact assessment. Journal of Environmental Management, 168, 123–132.
https://doi.org/10.1016/j.jenvman.2015.11.011
Gill, J. C., & Malamud, B. D. (2014). Reviewing and visualizing the interactions of natural hazards. Reviews of Geophysics, 52, 680–722.
https://doi.org/10.1002/2013RG000445
Gill, J. C., & Malamud, B. D. (2016). Hazard interactions and interaction networks (cascades) within multi‐hazard methodologies. Earth
System Dynamics, 7(3), 659–679. https://doi.org/10.5194/esd‐7‐659‐2016
Girgin, S., Necci, A., & Krausmann, E. (2019). Dealing with cascading multi‐hazard risks in national risk assessment: The case of Natech
accidents. International Journal of Disaster Risk Reduction, 35, 101072. https://doi.org/10.1016/j.ijdrr.2019.101072
Global Risk Assessment Framework (2019). The global risk assessment framework concept note the challenge. Retrieved from
https://www.preventionweb.net/ﬁles/61909_grafnewdraftconceptnote.pdf
Global Volcanism Program (2013). Volcanoes of the world. Retrieved from https://volcano.si.edu/
Goebel, J., Krekel, C., Tiefenbach, T., & Ziebarth, N. R. (2015). How natural disasters can affect environmental concerns, risk aversion, and
even politics: Evidence from Fukushima and three European countries. Journal of Population Economics, 28(4), 1137–1180. https://doi.
org/10.1007/s00148‐015‐0558‐8
Gorum, T., van Westen, C. J., Korup, O., van der Meijde, M., Fan, X., & van der Meer, F. D. (2013). Complex rupture mechanism and
topography control symmetry of mass‐wasting pattern, 2010 Haiti earthquake. Geomorphology, 184, 127–138. https://doi.org/10.1016/J.
GEOMORPH.2012.11.027
Grünthal, G., Thieken, A. H., Schwarz, J., Radtke, K. S., Smolka, A., & Merz, B. (2006). Comparative risk assessments for the city of Cologne
—Storms, ﬂoods, earthquakes. Natural Hazards, 38(1‐2), 21–44. https://doi.org/10.1007/s11069‐005‐8598‐0

DE RUITER ET AL.

16 of 19

Earth's Future

10.1029/2019EF001425

Haer, T., Botzen, W. J. W., & Aerts, J. C. J. H. (2019). Advancing disaster policies by integrating dynamic adaptive behaviour in risk
assessments using an agent‐based modelling approach. Environmental Research Letters, 14(4), 044022. https://doi.org/10.1088/1748‐
9326/ab0770
Hall, T. M., & Kossin, J. P. (2019). Hurricane stalling along the North American coast and implications for rainfall. Npj Climate and
Atmospheric Science, 2(1), 1–9. https://doi.org/10.1038/s41612‐019‐0074‐8
Hewitt, K., & Burton, I. (1971). Hazardousness of a place: A regional ecology of damaging events. Toronto: In Toronto Press.
Hillier, J. K., Macdonald, N., Leckebusch, G. C., & Stavrinides, A. (2015). Interactions between apparently “primary” weather‐driven
hazards and their cost. Environmental Research Letters, 10(10). https://doi.org/10.1088/1748‐9326/10/10/104003
Hobday, A., Oliver, E., McDonald, J., & Grose, M. (2016). Was Tasmania's summer of ﬁres and ﬂoods a glimpse of its climate future? The
Conversation. Retrieved from https://theconversation.com/was‐tasmanias‐summer‐of‐ﬁres‐and‐ﬂoods‐a‐glimpse‐of‐its‐climate‐future‐
58055
Hochrainer‐Stigler, S., Kunreuther, H., Linnerooth‐Bayer, J., Mechler, R., Michel‐Kerjan, E., Muir‐Wood, R., et al. (2010). The costs and
beneﬁts of reducing risk from natural hazards to residential structures in developing countries. Philadelphia: Citeseer.
Hughes, T. P., Kerry, J. T., Connolly, S. R., Baird, A. H., Eakin, C. M., Heron, S. F., et al. (2019). Ecological memory modiﬁes the cumulative
impact of recurrent climate extremes. Nature Climate Change, 9(1), 40–43. https://doi.org/10.1038/s41558‐018‐0351‐2
Inter‐Agency Standing Committee (2012). perational Guidance for Coordinated Assessments in Humanitarian Crises. Retrieved from
https://www.unocha.org/sites/dms/CAP/ops_guidance_ﬁnalversion2012.pdf
IPCC (2014). Climate change 2014: Impacts, adaptation, and vulnerability. Cambridge, United Kingdom and New York, NY, USA: IPCC
Working Group II.
IPCC (2018). Global warming of 1.5 ° C: An IPCC special report on the impacts of global warming of 1.5 ° C above pre‐industrial levels and
related global greenhouse gas emission pathways, in the context of strengthening the global response to the threat of climate change.
Intergovernmental Panel on Climate Change.
Ismail‐Zadeh, A. T., Cutter, S. L., Takeuchi, K., & Paton, D. (2017). Forging a paradigm shift in disaster science. Natural Hazards, 86(2),
969–988. https://doi.org/10.1007/s11069‐016‐2726‐x
Japan Meteorological Agency (2018). Primary factors behind the heavy rain event of July 2018 and the subsequent heatwave in Japan from
mid‐July onward. Retrieved from https://ds.data.jma.go.jp/tcc/tcc/index.html
Jones, J. P., Thurber, C. H., & Lutter, W. J. (2001). High‐precision location of pre‐eruption seismicity at Mount Pinatubo,
Philippines, 30 May‐3 June, 1991. Physics of the Earth and Planetary Interiors, 123(2–4), 221–232. https://doi.org/10.1016/
S0031‐9201(00)00211‐9
Jongman, B., Winsemius, H. C., Aerts, J. C. J. H., Coughlan de Perez, E., van Aalst, M. K., Kron, W., & Ward, P. J. (2015). Declining vulnerability to river ﬂoods and the global beneﬁts of adaptation. Proceedings of the National Academy of Sciences, 112(18), E2271–E2280.
https://doi.org/10.1073/pnas.1414439112
JRC (2015). Index for risk management—INFORM. https://doi.org/10.2788/636388
Kappes, M. S., Keiler, M., & Glade, T. (2010). From single‐ to multi‐hazard risk analyses: A concept addressing emerging challenges.
Geomorphological Systems and Risk Research, 351–356.
Kappes, M. S., Keiler, M., von Elverfeldt, K., & Glade, T. (2012). Challenges of analyzing multi‐hazard risk: A review. Natural Hazards,
64(2), 1925–1958. https://doi.org/10.1007/s11069‐012‐0294‐2
Kappes, M. S., Papathoma‐Köhle, M., & Keiler, M. (2011). Assessing physical vulnerability for multi‐hazards using an indicator‐based
methodology. Applied Geography, 32(2), 577–590. https://doi.org/10.1016/J.APGEOG.2011.07.002
Keating, A., Campbell, K., Szoenyi, M., Mcquistan, C., Nash, D., & Burer, M. (2017). Development and testing of a community
ﬂood resilience measurement tool. Natural Hazards and Earth System Sciences, 17, 77–101. https://doi.org/10.5194/nhess‐17‐77‐
2017
Knapp, K. R., Kruk, M. C., Levinson, D. H., Diamond, H. J., & Neumann, C. J. (2010). THE INTERNATIONAL BEST TRACK ARCHIVE
FOR CLIMATE STEWARDSHIP (IBTrACS) unifying tropical cyclone data. Bulletin of the American Meteorological Society, 91, 363–376.
https://doi.org/10.1175/2009BAMS2755.1
Koks, E. E. (2018). Moving ﬂood risk modelling forwards. Nature Climate Change, 8(7), 561–562. https://doi.org/10.1038/s41558‐018‐
0185‐y
Koks, E. E., Jongman, B., Husby, T. G., & Botzen, W. J. W. (2015). Combining hazard, exposure and social vulnerability to provide lessons
for ﬂood risk management. Environmental Science and Policy, 47, 42–52. https://doi.org/10.1016/j.envsci.2014.10.013
Kornhuber, K., Osprey, S., Coumou, D., Petri, S., Petoukhov, V., Rahmstorf, S., & Gray, L. (2019). Extreme weather events in early summer
2018 connected by a recurrent hemispheric wave‐7 pattern. Environmental Research Letters, 14(5), 054002. https://doi.org/10.1088/1748‐
9326/ab13bf
Korswagen, P. A., Jonkman, S. N., & Terwel, K. C. (2019). Probabilistic assessment of structural damage from coupled multi‐hazards.
Structural Safety, 76(June 2018), 135–148. https://doi.org/10.1016/j.strusafe.2018.08.001
Krausmann, E., Köppke, K. E., Fendler, R., Cruz, A. M., & Girgin, S. (2017). Qualitative and semiquantitative methods for Natech risk
assessment. Natech Risk Assessment and Management, 119–142. https://doi.org/10.1016/B978‐0‐12‐803807‐9.00008‐5
Kron, W. (2013). Coasts: The high‐risk areas of the world. Natural Hazards, 66(3), 1363–1382. https://doi.org/10.1007/s11069‐012‐
0215‐4
Kull, D., Mechler, R., & Hochrainer‐Stigler, S. (2013). Probabilistic cost‐beneﬁt analysis of disaster risk management in a development
context. Disasters, 37(3), 374–400. https://doi.org/10.1111/disa.12002
Kunreuther, H., & Pauly, M. (2006). Insurance decision‐making and market behavior. Foundations and Trends® in Microeconomics, 1(2),
63–127. https://doi.org/10.1561/0700000002
LeComte, D. (2019). International weather highlights 2018: Winter storms, blistering heat waves, Japan's summer of extremes.
Weatherwise, 72(3), 24–31. https://doi.org/10.1080/00431672.2019.1586501
Lee, K. H., & Rosowsky, D. V. (2006). Fragility analysis of woodframe buildings considering combined snow and earthquake loading.
Structural Safety, 28(3), 289–303.
Leonard, M., Westra, S., Phatak, A., Lambert, M., van den Hurk, B., McInnes, K., et al. (2014). A compound event framework for understanding extreme impacts. Wiley Interdisciplinary Reviews: Climate Change, 5(1), 113–128. https://doi.org/10.1002/wcc.252
Li, M., Yao, Y., Luo, D., & Zhong, L. (2019). The linkage of the large‐scale circulation pattern to a long‐lived heatwave over Mideastern
China in 2018. Atmosphere, 10(2), 89. https://doi.org/10.3390/atmos10020089
Liu, Z., Nadim, F., Garcia‐Aristizabal, A., Mignan, A., Fleming, K., & Luna, B. Q. (2015). A three‐level framework for multi‐risk assessment.
Georisk, 9(2), 59–74. https://doi.org/10.1080/17499518.2015.1041989

DE RUITER ET AL.

17 of 19

Earth's Future

10.1029/2019EF001425

Mach, K. J., Kraan, C. M., Adger, W. N., Buhaug, H., Burke, M., Fearon, J. D., et al. (2019). Climate as a risk factor for armed conﬂict.
Nature, 571(7764), 193–197. https://doi.org/10.1038/s41586‐019‐1300‐6
Mann, M. E., Rahmstorf, S., Kornhuber, K., Steinman, B. A., Miller, S. K., & Coumou, D. (2017). Inﬂuence of anthropogenic climate change
on planetary wave resonance and extreme weather events. Scientiﬁc Reports, 7(1), 45242. https://doi.org/10.1038/srep45242
Mann, M. E., Rahmstorf, S., Kornhuber, K., Steinman, B. A., Miller, S. K., Petri, S., & Coumou, D. (2018). Projected changes in persistent
extreme summer weather events: The role of quasi‐resonant ampliﬁcation. Science Advances, 4(10), eaat3272. https://doi.org/10.1126/
sciadv.aat3272
Mannakkara, S., & Wilkinson, S. (2014). Re‐conceptualising “Building Back Better” to improve post‐disaster recovery. International
Journal of Managing Projects in Business, 7(3), 327–341. https://doi.org/10.1108/IJMPB‐10‐2013‐0054
Marzo, E., Busini, V., & Rota, R. (2015). Deﬁnition of a short‐cut methodology for assessing the vulnerability of a territory in natural–
technological risk estimation. Reliability Engineering & System Safety, 134, 92–97. https://doi.org/10.1016/j.ress.2014.07.026
Marzocchi, W., Garcia‐Aristizabal, A., Gasparini, P., Mastellone, M. L., & Ruocco, A. D. (2012). Basic principles of multi‐risk assessment: A
case study in Italy. Natural Hazards, 62(2), 551–573. https://doi.org/10.1007/s11069‐012‐0092‐x
Mechler, R., & Schinko, T. (2016). Identifying the policy space for climate loss and damage. Science, 10(21), 354. https://doi.org/10.1126/
science.aag2514
Mignan, A., Wiemer, S., & Giardini, D. (2014). The quantiﬁcation of low‐probability‐high‐consequences events: Part I. A generic multi‐risk
approach. Natural Hazards, 73(3), 1999–2022. https://doi.org/10.1007/s11069‐014‐1178‐4
Moftakhari, H., & AghaKouchak, A. (2019). Increasing exposure of energy infrastructure to compound hazards: Cascading wildﬁres and
extreme rainfall. Environmental Research Letters, 14(10), 104018. https://doi.org/10.1088/1748‐9326/ab41a6
Moftakhari, H., Schubert, J. E., AghaKouchak, A., Matthew, R. A., & Sanders, B. F. (2019). Linking statistical and hydrodynamic modeling
for compound ﬂood hazard assessment in tidal channels and estuaries. Advances in Water Resources, 128, 28–38. https://doi.org/
10.1016/j.advwatres.2019.04.009
Moftakhari, H. R., AghaKouchak, A., Sanders, B. F., & Matthew, R. A. (2017). Cumulative hazard: The case of nuisance ﬂooding. Earth's
Future, 5, 214–223. https://doi.org/10.1002/2016EF000494
Moftakhari, H. R., Salvadori, G., AghaKouchak, A., Sanders, B. F., & Matthew, R. A. (2017). Compounding effects of sea level rise and
ﬂuvial ﬂooding. Proceedings of the National Academy of Sciences of the United States of America, 114(37), 9785–9790. https://doi.org/
10.1073/pnas.1620325114
Mora, C., Spirandelli, D., Franklin, E. C., Lynham, J., Kantar, M. B., Miles, W., et al. (2018). Broad threat to humanity from cumulative
climate hazards intensiﬁed by greenhouse gas emissions. Nature Climate Change, 8(12), 1062–1071. https://doi.org/10.1038/s41558‐018‐
0315‐6
Nagamatsu, S., Maekawa, T., Ujike, Y., Hashimoto, S., & Fuke, N. (2011). The earthquake and tsunami—Observations by Japanese physicians since the 11 March catastrophe. Critical Care, 15(3), 167. https://doi.org/10.1186/cc10261
Nascimento, K. R. D. S., & Alencar, M. H. (2016). Management of risks in natural disasters: A systematic review of the literature on
NATECH events. Journal of Loss Prevention in the Process Industries, 44, 347–359. https://doi.org/10.1016/J.JLP.2016.10.003
Necci, A., Krausmann, E., & Girgin, S. (2018). Emergency planning and response for Natech accidents. Retrieved from https://inis.iaea.org/
search/search.aspx?orig_q = RN:49081677
OCHA, U. N. (2013). Disaster response in Asia and the Paciﬁc: A guide to international tools and services. Bangkok. UN OCHA 2013b,
“Report: The after Action Review/Lessons Learned Workshops Typhoon Bopha Response”, Manila.
Otto, C., Willner, S. N., Wenz, L., Frieler, K., & Levermann, A. (2017). Modeling loss‐propagation in the global supply network: The
dynamic agent‐based model acclimate. Journal of Economic Dynamics and Control, 83, 232–269. https://doi.org/10.1016/J.
JEDC.2017.08.001
Papalexiou, S. M., & Montanari, A. (2019). Global and regional increase of precipitation extremes under global warming. Water Resources
Research, 2018WR024067. https://doi.org/10.1029/2018WR024067
Peduzzi, P. (2019). The disaster risk, global change, and sustainability nexus. Sustainability, 11(4), 957. https://doi.org/10.3390/su11040957
Pescaroli, G., & Alexander, D. (2015). A deﬁnition of cascading disasters and cascading effects: Going beyond the â€ œtoppling dominosâ€
metaphor. Planeta Risk, 3(1).
Pescaroli, G., Nones, M., Galbusera, L., & Alexander, D. (2018). Understanding and mitigating cascading crises in the global interconnected
system. International Journal of Disaster Risk Reduction, 30, 159–163.
Poledna, S., Hochrainer‐Stigler, S., Miess, M. G., Klimek, P., Schmelzer, S., Sorger, J., … Thurner, S. (2018). When does a disaster become a
systemic event? Estimating indirect economic losses from natural disasters. Retrieved from http://www.swissre.com/media/news_
releases/nr20171220_
Pradel, D., Wartman, J., & Tiwari, B. (2013). Failure of the Fujinuma Dams during the 2011 Tohoku Earthquake. In Geo‐Congress 2013:
Stability and Performance of Slopes and Embankments III (pp. 1559–1573).
Ransikarbum, K., & Mason, S. J. (2016). Multiple‐objective analysis of integrated relief supply and network restoration in humanitarian
logistics operations. International Journal of Production Research, 54(1), 49–68. https://doi.org/10.1080/00207543.2014.977458
Reed, D. A., Friedland, C. J., Wang, S., & Massarra, C. C. (2016). Multi‐hazard system‐level logit fragility functions. Engineering Structures,
122, 14–23. https://doi.org/10.1016/J.ENGSTRUCT.2016.05.006
ReliefWeb (2019). ReliefWeb—Informing humanitarians worldwide. Retrieved June 14, 2019, from https://reliefweb.int/
Schaller, N., Kay, A. L., Lamb, R., Massey, N. R., van Oldenborgh, G. J., Otto, F. E. L., et al. (2016). Human inﬂuence on climate in the 2014
southern England winter ﬂoods and their impacts. Nature Climate Change, 6(6), 627–634. https://doi.org/10.1038/nclimate2927
Schleussner, C.‐F., Donges, J. F., Donner, R. V., & Schellnhuber, H. J. (2016). Armed‐conﬂict risks enhanced by climate‐related disasters in
ethnically fractionalized countries. Proceedings of the National Academy of Sciences of the United States of America, 113(33), 9216–9221.
https://doi.org/10.1073/pnas.1601611113
Scolobig, A., Komendantova, N., & Mignan, A. (2017). Mainstreaming multi‐risk approaches into policy. Geosciences, 7(4), 129. https://doi.
org/10.3390/geosciences7040129
Scussolini, P., Aerts, J. C. J. H., Jongman, B., Bouwer, L. M., Winsemius, H. C., De Moel, H., & Ward, P. J. (2016). FLOPROS: An evolving
global database of ﬂood protection standards. Natural Hazards and Earth System Sciences, 16, 1049–1061. https://doi.org/10.5194/nhess‐
16‐1049‐2016
Selva, J. (2013). Long‐term multi‐risk assessment: Statistical treatment of interaction among risks. Natural Hazards., 67(2), 701–722.
https://doi.org/10.1007/s11069‐013‐0599‐9
Serinaldi, F., Loecker, F., Kilsby, C. G., & Bast, H. (2018). Flood propagation and duration in large river basins: A data‐driven analysis for
reinsurance purposes. Natural Hazards, 94(1), 71–92. https://doi.org/10.1007/s11069‐018‐3374‐0

DE RUITER ET AL.

18 of 19

Earth's Future

10.1029/2019EF001425

Showalter, P. S., & Myers, M. F. (1992). Natural disasters as the cause of technological emergencies: A review of the decade, 1980–1989.
Natural Hazards Research and Applications Information Center, Institute of … .
Smith, A., Bates, P. D., Wing, O., Sampson, C., Quinn, N., & Neal, J. (2019). New estimates of ﬂood exposure in developing countries using
high‐resolution population data. Nature Communications, 10(1), 1814. https://doi.org/10.1038/s41467‐019‐09282‐y
Stadtherr, L., Coumou, D., Petoukhov, V., Petri, S., & Rahmstorf, S. (2016). Record Balkan ﬂoods of 2014 linked to planetary wave resonance. Science Advances, 2(4), e1501428. https://doi.org/10.1126/sciadv.1501428
Steinberg, L. J., Sengul, H., & Cruz, A. M. (2008). Natech risk and management: An assessment of the state of the art. Natural Hazards,
46(2), 143–152. https://doi.org/10.1007/s11069‐007‐9205‐3
Sun, J., Zhang, R., Feng, L., Monterola, C., Ma, X., Rozenblat, C., et al. (2019). Extreme risk induced by communities in interdependent
networks. Communications Physics, 2(1), 1–7. https://doi.org/10.1038/s42005‐019‐0144‐6
Tarvainen, T., Jarva, J., & Greiving, S. (2006). Spatial pattern of hazards and hazard interactions in Europe. Special Paper of the Geological
Survey of Finland, 42(83).
Tate, E., Cutter, S. L., & Berry, M. (2010). Integrated multihazard mapping. Environment and Planning B: Planning and Design, 37, 646–663.
https://doi.org/10.1068/b35157
Terry, J. P., & Goff, J. R. (2012). The special vulnerability of Asia–Paciﬁc islands to natural hazards. Geological Society, London, Special
Publications, 361(1), 3–5. https://doi.org/10.1144/SP361.2
Tian, C., Fang, Y., Yang, L. E., & Zhang, C. (2019). Spatial‐temporal analysis of community resilience to multi‐hazards in the Anning
River basin, Southwest China. International Journal of Disaster Risk Reduction, 39, 101144. https://doi.org/10.1016/J.
IJDRR.2019.101144
Tiecke, T. G., Liu, X., Zhang, A., Gros, A., Li, N., Yetman, G., … Dang, H.‐A. H. (2017). Mapping the world population one building at a time.
Retrieved from http://whoisnanli.github.io/publications/fb_popden_arxiv_2017.pdf
Tsuguti, H., Seino, N., Kawase, H., Imada, Y., Nakaegawa, T., & Takayabu, I. (2019). Meteorological overview and mesoscale characteristics
of the Heavy Rain Event of July 2018 in Japan. Landslides, 16(2), 363–371. https://doi.org/10.1007/s10346‐018‐1098‐6
Tyagunov, S., Vorogushyn, S., Muñoz Jimenez, C., Parolai, S., & Fleming, K. (2018). Multi‐hazard fragility analysis for ﬂuvial dikes in
earthquake‐and ﬂood‐prone areas. Natural Hazards and Earth System Sciences, 18, 2345–2354. https://doi.org/10.5194/nhess‐18‐2345‐
2018
U.S. Geological Survey (2017). ShakeMap—Earthquake ground motion and shaking intensity maps. https://doi.org/https://doi.org/
10.5066/F7W957B2
UNDRR (2005). Building the resilience of nations and communities to disasters. Retrieved from www.unisdr.org/wcdr
UNDRR (2015). Sendai framework for disaster risk reduction 2015–2030. Retrieved from https://www.unisdr.org/ﬁles/43291_sendaiframeworkfordrren.pdf
UNDRR (2016). Report of the open‐ended intergovernmental expert working group on indicators and terminology relating to disaster risk
reduction. Retrieved from http://www.preventionweb.net/drr‐framework/open‐ended‐working‐group/
UNDRR (2019). Global platform for disaster risk reduction proceedings. Retrieved from https://www.unisdr.org/ﬁles/66637_proceedingsen.pdf
United Nations (2015). Paris Agreement. Retrieved from https://unfccc.int/resource/docs/2015/cop21/eng/l09r01.pdf
UNOCHA (2017). Philippines: Destructive tropical cyclones from 2006 to 2016. Retrieved from https://reliefweb.int/sites/reliefweb.int/
ﬁles/resources/ocha_phl_destructive_typhoons_2006_to_2016.pdf
USGS (2018a). M 5.5‐1 km NW of Hirakata, Japan Osaka Earthquake. Retrieved May 6, 2019, from https://earthquake.usgs.gov/earthquakes/eventpage/us1000eu1c/executive
USGS (2018b). M 6.6‐27 km ENE of Tomakomai, Japan. Retrieved May 6, 2019, from https://earthquake.usgs.gov/earthquakes/eventpage/
us2000h8ty/executive#executive
Van den Homberg, M., & McQuistan, C. (2019). Technology for climate justice: A reporting framework for loss and damage as part of Key
Global Agreements. In R. Mechler, L. Bouwer, T. Schinko, S. Surminski, & J. Linnerooth‐Bayer (Eds.), Loss and Damage from Climate
Change, Concepts, Methods and Policy Options (pp. 513–545). Cham (Switzerland): Springer.
Van den Homberg, M., Meesters, K., & Van De Walle, B. (2014). Coordination and information management in the Haiyan response:
Observations from the ﬁeld. Procedia Engineering, 78, 49–51. https://doi.org/10.1016/j.proeng.2014.07.037
van den Homberg, M., Monné, R., & Spruit, M. (2018). Bridging the information gap of disaster responders by optimizing data selection
using cost and quality. Computers and Geosciences, 120, 60–72. https://doi.org/10.1016/j.cageo.2018.06.002
Wahl, T., Jain, S., Bender, J., Meyers, S. D., & Luther, M. E. (2015). Increasing risk of compound ﬂooding from storm surge and rainfall for
major US cities. Nature Climate Change, 5(12), 1093–1097. https://doi.org/10.1038/nclimate2736
Wallemacq, P., & House, R. (2018). Economic losses, poverty &amp; disasters: 1998‐2017. Retrieved from www.unisdr.org
Wang, Q., & Taylor, J. E. (2016). Patterns and limitations of urban human mobility resilience under the inﬂuence of multiple types of
natural disaster. Plos One, 11(1), e0147299. https://doi.org/10.1371/JOURNAL.PONE.0147299
Ward, P. J., Kummu, M., & Lall, U. (2016). Flood frequencies and durations and their response to El Niño Southern Oscillation: Global
analysis. Journal of Hydrology, 539, 358–378. https://doi.org/10.1016/J.JHYDROL.2016.05.045
Weichselgartner, J., & Pigeon, P. (2015). The role of knowledge in disaster risk reduction. International Journal of Disaster Risk Science, 6(2),
107–116. https://doi.org/10.1007/s13753‐015‐0052‐7
WMO (2018). Cataloguing high‐impact events and associated loss and damage. Retrieved from https://unfccc.int/sites/default/ﬁles/
resource/Excom 7 submission from WMO (002).pdf
Wu, X., Lu, Y., Zhou, S., Chen, L., & Xu, B. (2016). Impact of climate change on human infectious diseases: Empirical evidence and human
adaptation. Environment International, 86, 14–23. https://doi.org/10.1016/J.ENVINT.2015.09.007
Xu, J., Wang, Z., Shen, F., Ouyang, C., & Tu, Y. (2016). Natural disasters and social conﬂict: A systematic literature review. International
Journal of Disaster Risk Reduction, 17, 38–48. https://doi.org/10.1016/J.IJDRR.2016.04.001
Yeo, G. L., & Cornell, C. A. (2005). Stochastic characterization and decision bases under time‐dependent aftershock risk in performance‐
based earthquake engineering. Paciﬁc Earthquake Engineering Research Center Berkeley, CA.
Zobel, C. W., & Khansa, L. (2014). Characterizing multi‐event disaster resilience. Computers & Operations Research, 42, 83–94. https://doi.
org/10.1016/j.cor.2011.09.024
Zscheischler, J., Westra, S., van den Hurk, B. J. J. M., Seneviratne, S. I., Ward, P. J., Pitman, A., et al. (2018). Future climate risk from
compound events. Nature Climate Change, 8(6), 469–477. https://doi.org/10.1038/s41558‐018‐0156‐3

DE RUITER ET AL.

19 of 19

