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Abstract Traditionally, building-level disaster risk reduction (DRR) measures are aimed at a single
natural hazard. However, in many countries the society faces the threat of multiple hazards. Buildinglevel DRR measures that aim to decrease earthquake vulnerability can have opposing or conflicting effects
on flood vulnerability, and vice versa. In a case study of Afghanistan, we calculate the risk of floods and
earthquakes, in terms of average annual losses (AAL), in the current situation. Next, we develop two
DRR scenarios, where building-level measures to reduce flood and earthquake risk are implemented. We
use this to identify districts for which DRR measures of one hazard increase the risk of another hazard.
We then also calculate the optimal situation between the two scenarios by, for each district, selecting the
DRR scenario for which the AAL as a ratio of the total exposure is lowest. Finally, we assess the sensitivity
of the total risk to each scenario. The optimal measure differs spatially throughout Afghanistan, but in
most districts it is more beneficial to take flood DRR measures. However, in the districts where it is more
beneficial to take earthquake measures, the reduction in risk is considerable (up to 40%, while flood
DRR measures lead to a reduction in risk by 16% in individual districts). The introduction of asynergies
between DRR measures in risk analyses allows policy-makers to spatially differentiate building codes and
other building-level DRR measures to address the most prevalent risk while not compromising the risk
resulting from other hazards.
Plain Language Summary

Our study aims to improve our understanding of potentially
unwanted effects of measures that reduce the impacts of disasters across different hazards. Traditionally,
those measures are aimed at decreasing the risk a building faces of a single hazard type despite their
potential of having unwanted effects on other hazard types. For example, building on stilts is an oftenused measure to decrease a building's flood vulnerability, however, it simultaneously increases a building's
earthquake vulnerability. In this paper, we refer to these as asynergies. However, in many countries the
built environment faces the threat of different hazard types. We define such potentially unwanted effects
between measure as “asynergies.” A case study of Afghanistan is presented in which the asynergies
of flood and earthquake building-level measures are assessed. An improved understanding of these
asynergies can help policy makers enforce measures that decrease the overall risk.

1. Introduction
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Traditionally, building-level risk reduction measures aim to address the risk of a single hazard type, for
instance, through building codes (Cutter et al., 2015; Daniell, 2015; Shreve & Kelman, 2014). However,
many countries face the risk of multiple disasters (Cutter et al., 2015; De Ruiter et al., 2020). Floods and
earthquakes are often the hazard types with the highest economic damages, especially in developing countries (Zorn, 2018), and their damages are likely to continue to increase in the future (Bilham, 2009; Cutter
et al., 2015; Winsemius et al., 2016). The increase in the damages in the future is due to both a projected
increase in the frequency of (climate-driven) hazards (in the case of floods), and also due to increasing exposure in vulnerable areas (Balica et al., 2015). This is expected to continue in the future, with projections estimating that the world's population will have doubled between 1950 and 2050, which requires the construction of an additional 1 billion housing units (Bilham, 2009). Moreover, social inequalities cause developing
countries and the poor to suffer disproportionally from the impacts of natural hazards (Bacigalupe, 2019; Di
Baldassarre et al., 2010; Hallegatte et al., 2018; Murnane et al., 2017; Winsemius et al., 2018) and their built
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environment is especially vulnerable to the impacts of natural hazards (Alexander, 2017; Balica et al., 2015).
For these countries it is especially important to improve our understanding of the potential of disaster risk
reduction (DRR) measures to reduce risk (Kreibich et al., 2015).
Risk is defined by the United Nations Office for Disaster Risk Reduction (UNDRR, 2016) as the probability
of harmful consequences, or expected losses from interactions between hazards, exposure and vulnerable
conditions. The body of literature on multi-(hazard) risk has been growing since the early nineties (Ciurean
et al., 2018; De Ruiter et al., 2020; Gallina et al., 2016; Gill & Malamud, 2014; Kappes et al., 2012; Marzocchi
et al., 2012; Scolobig et al., 2017; Tilloy et al. 2019; United Nations Environment Program 1992). Moreover,
the general need for a shift from single to multirisk assessments has been widely recognized in international
agreements, such as the Sendai Framework for Disaster Risk Reduction (UNDRR, 2015) and it was high on
the agenda of the UNDRR Global Platform 2019 (UNDRR, 2019). The effectiveness of DRR measures could
benefit from the advocated comprehensive systemic risk approach (Cutter et al., 2015; Peduzzi, 2019; Scolobig et al., 2017; UNDRR, 2020). This includes accounting for the different types of hazards that threaten
an area, and the interactions and dynamics between different hazards and their DRR measures (e.g., Crosti
et al., 2010; Mahmoud & Chulahwat, 2016; Zaghi et al., 2016). DRR measures can be aimed at the different
components of risk and encompass both structural measures aimed at either improving disaster prevention or increasing adaptive capacity, and nonstructural measures such as planning, capacity, and awareness-building measures (Wisner et al., 2012). While this shows that DRR measures can be implemented
during the different phases of the disaster risk management cycle, there is an increasingly forward-looking
approach in addressing communities’ risk to natural hazards (Peek et al., 2016). Financial aid from the
international community used to focus on postdisaster recovery, but recently there has been a shift in focus
also toward preparedness (Balica et al., 2015). This is for example demonstrated by the recent growing attention for the concept of Building Back Better (BBB) as a way of increasing disaster resilience during the
postdisaster recovery phase (Ainuddin & Routray, 2012; Hallegatte et al., 2018; Lyons, 2009; Mannakkara
& Wilkinson, 2014). Many of those BBB studies focus on critical infrastructures such as bridges (Ganesh
Prasad & Banerjee, 2013; Mosqueda et al., 2007), wind turbines (Mardfekri & Gardoni, 2015), lifelines (Reed
et al., 2016), schools (Nassirpour et al. 2018) and hospitals (Marasco et al. 2017), and some include residential buildings (Sharma et al., 2016).
Several studies have advocated for an increased understanding of the complexities of multihazard risk DRR
measures (Cutter et al., 2015; De Ruiter et al., 2020; Scolobig et al., 2017). However, the quantification and
comparison of the effects of DRR measures aimed at reducing building-level vulnerability across different hazards, such as floods and earthquakes, is not common (Crosti et al., 2010; Gautam & Dong, 2018;
Li et al., 2012). Hence, despite the recognized importance of increasing our understanding of the risk of
different hazards, many loss studies and DRR measures continue to focus on a single hazard type (Chmutina et al., 2017; Cutter et al., 2015; Gall et al. 2011; Gardoni & LaFave, 2016; Kappes et al., 2012; Peduzzi, 2019). Moreover, besides the lack of scientific understanding, institutional barriers continue to jeopardize the design and implementation of DRR planning policies that account for different hazard types (Cutter
et al., 2015; Scolobig et al., 2017).
While positively influencing the risk of one hazard, DRR measures can have adverse effects on the risk of
another hazard type (Crosti et al., 2010; De Ruiter et al., 2020; Kennedy et al., 2008; Li et al., 2012), thereby
increasing the vulnerability of the built environment, exacerbating impacts and potentially causing compound hazards (Chmutina et al., 2017; Scolobig et al., 2017). We refer to these negative impacts between
hazards as the asynergy of a DRR measure. For example, wood-frame buildings tend to perform well underground shaking but are likely to sustain higher damages due to flooding than concrete buildings (Wood
& Good, 2004). Lighter structures such as glass walls can reduce the impacts of earthquakes, while the
potential damages from winds can increase (Li et al., 2012). Several studies have tried to understand the potential adverse effects of DRR measures on the risk from the same hazard type. For example, Di Baldassarre
et al. (2018) created a framework to better understand the unintended effects of structural flood protection
measures on flood risk. However, the authors do not consider the effects of structural flood protection
measures on the risk from other hazard types. Chang et al. (2018) account for temporal changes in the
building stock on the future risk of different hazards in Vancouver, but they do not include an assessment of
cross-hazard effects. Some studies have compared the costs and benefits of different DRR measures tailored
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to different hazards (e.g., Hochrainer-Stigler et al., 2010; Li, 2010; Shreve & Kelman, 2014), but these studies do not account for asynergies between different measures. Few studies have discussed the design of
buildings that can mitigate the risk of specific combinations of hazards. For example, the performance of
wood-frame buildings under combined snow and earthquake loading (Y. Wang & Rosowsky, 2016) or the
performance of structures during earthquakes and tsunamis (e.g., Fraser et al., 2013; Mück et al., 2013;
Saatcioglu et al. 2006; Wood et al., 2004). Finally, some studies have assessed (a)synergies of DRR measures
specifically aimed at critical infrastructure (Argyroudis et al., 2020; Fereshtehnejad & Shafieezadeh, 2018;
Gardoni & LaFave, 2016; Moftakhari & AghaKouchak, 2019). Nonetheless, as a result of the common use
of the single-hazard approach, the potential asynergies of structural, building-level DRR measures remain
poorly understood (Di Baldassarre et al., 2018; Kull et al., 2013; Scolobig et al., 2017; Shreve et al., 2014).
Comparing the impacts of two (or more) different hazard types is challenging as it requires a standardized
unit of measuring impacts (Kappes et al., 2012; Marzocchi et al., 2012). A commonly used metric in multirisk studies is the average annual losses (AALs; Delmonaco et al., 2006). This has, for example, been applied
in the EU Directive on multirisk mapping (Delmonaco et al., 2006) and in other studies comparing flood
and earthquake risk (e.g., Murnane et al., 2017).
In this article, we assess the asynergies of structural, residential building-level DRR measures that are
aimed at reducing the impacts of two independent hazards that threaten the same country. A case study of
Afghanistan is used to quantify changing risk, expressed in terms of AAL (similar to Murnane et al. [2017]),
due to asynergies between flood and earthquake building-level DRR measures. The asynergies are assessed
by creating two DRR scenarios: in the first scenario, the structural, residential building-level DRR measures
are designed to decrease the impacts of fluvial flooding and in the second scenario they are designed to
decrease the impacts of earthquakes. Due to its location in a tectonically active area and its steep slopes in
headwaters and lack of vegetation, Afghanistan is extremely prone to both floods and earthquakes (World
Bank, 2018). Historically, flooding is the most frequently occurring hazard type in the country, while earthquakes are the most damaging hazard in terms of fatalities (Ranghieri et al., 2017; World Bank, 2018).
There is only very limited data available about Afghanistan's current and future disaster risk as a result of
the ongoing conflict (World Bank, 2018). The country is therefore often either excluded from global risk
assessments or poorly modeled due to data availability challenges (e.g., Peduzzi et al., 2009). The World
Bank (2018) conducted a country risk profile assessing Afghanistan's risk to the most damaging hazards
(i.e., floods, earthquakes, droughts, landslides, and avalanches). This paper builds on that study by the
World Bank. Due to the limited data availability, we use information from neighboring countries on the
behavior of regionally common building material types under floods and earthquakes. It is important to
note that this study does not aim to provide a comprehensive loss estimates for flood and earthquake risk in
Afghanistan, nor does it focus on changes in vulnerability to one hazard as a result of damages caused by
another hazard. Rather, we aim to assess how the risk of one hazard is affected by implementing structural
DRR measures aimed at reducing the impacts of another hazard. Therefore, the two DRR scenarios are
designed such that each mimics a complete upgrade of the residential built environment. While a complete
upgrade of the built environment may appear unrealistic, it is used to demonstrate the concept of asynergies
and the need to account for them in multihazard risk assessments. We believe that increasing awareness
among practitioners of the concept of asynergies is of high importance to create a more sustainable design
of structural DRR measures.
We first discuss several key potential asynergies of building level DRR measures for floods and earthquakes
tailored to decreasing the risk of one hazard on the risk of the other hazard and use this to develop two
the DRR scenarios. Next, we assess the current risk of floods and earthquakes separately using the World
Bank's (2018) building inventory of Afghanistan. Then, we calculate the asynergies of the earthquake and
flood DRR scenarios. Subsequently, we use the results of these two scenarios to calculate the optimal situation. To single out the potential asynergies of DRR measures, we assume stable hazard conditions and
exposure in terms of the total number of buildings and their location. Finally, we discuss our findings and
provide recommendations for future research.
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2. Asynergies of Building-Level DRR Measures
In developing countries, a house is generally the most valuable asset owned by people but the residential building stock often also accounts for the largest share of the total damages as a result of a disaster
(Ahmed, 2011). A study by UNHCS (2009) found that at that time, 40% of the global population lived in
earthen buildings, with 50% of the population in developing countries living in earthen dwellings (Kenny, 2012). In Afghanistan, walls of residential buildings are commonly made out of adobe and clay bricks
and foundations (if present) are shallow. The majority of residential buildings have one or two storeys (53%
of the residential houses in urban areas and 95% in rural areas have one storey, and 40% and 5% of the buildings in urban areas have two storeys, respectively; World Bank, 2018). Moreover, buildings are not subject
to a unified or enforced building code and building elements generally lack proper connections (Haziq &
Kiyotaka, 2017; Maheri et al., 2005). In our case study of Afghanistan, we focus on the asynergies of common structural, building-level flood and earthquake DRR measures. In this section we present an extensive
literature review (Table 1) of common building and structural construction practices in developing countries and their asynergies on flood and earthquake risk, based on which we develop two DRR scenarios for
the case study (Section 3).
The Global Earthquake Model's building taxonomy tool for multi-hazard exposure (GED4ALL) provides a
uniform classification system that categorizes exposed assets to natural hazards (Silva et al., 2018). Its taxonomy includes building attributes such as exterior wall material, foundation type, height and elevation of the
ground floor. The literature recognizes the following common approaches aimed at increasing the structural
resilience of buildings to fluvial flood damages: elevating buildings, elevating door and window openings,
creating floodable buildings, and improving the structure and material of the walls, foundation, and frame
(Das & Mukhopadhyay, 2018; Mebarki et al., 2012; Nassirpour et al., 2018). Another common distinction
is made between wet and dry proofing, where the former focuses on minimizing the damages when floodwaters do enter a building (floodable) and the latter is defined as measures preventing floodwaters from
entering the building such as the use of low-permeable materials or building on stilts (De Ruig et al., 2019;
Kreibich et al., 2015) (shown in Table 1 under “other building practices”). Structural DRR measures may
vary based on design flood or earthquake magnitudes. In recent years, probabilistic risk analyses are increasingly used to determine structural building design's ability to withstand different seismic magnitudes
and to revise seismic building codes accordingly (Daniell 2015; Ellingwood, 2001). Similarly, building-level
flood DRR measures are often designed based on base flood elevation (BFE; Freeman & Kunreuther, 2002).
It is important to note that earthquake risk assessments more commonly account for the vulnerability posed
by such building attributes compared to flood risk assessments (De Ruiter et al., 2017; Douglas, 2007). Based
on the characteristics of residential buildings in Afghanistan, we focus on wall material and building height
related DRR measures.
2.1. Wall Material
The material of a building is an important determinant its physical vulnerability to damage by a flood
or earthquake. Table 1 highlights four commonly used building materials in developing countries or informal urbanized areas (i.e., earthen-structures, wood frames, bamboo, and masonry), the first three of
which are commonly used in rural areas of less-developed countries (Castillo et al., 2011). The use of soil
makes the buildings very prone to both flood (Siddique & Schwarz, 2012) and earthquake damages (Holliday et al., 2012). In a study of Pakistan, it was found that 82% of the damaged houses during the 2010 floods
were made of a form of mud (Shah et al., 2013). To decrease flood vulnerability, the authors suggest changes
such as: elevating the house, eliminating openings in the wall, increasing the wall thickness, and using soil
with sand and clay (Shah et al., 2013). In a study of earthquake community resilience in Pakistan's Baluchistan province, Ainuddin et al. (2012) found that 50% of the building stock is comprised of adobe houses.
During the 2005 and 2008 earthquakes, it was shown that the adobe buildings are especially vulnerable to
damages and complete failure compared to the other building types. In another study in Pakistan, Siddique
and Schwarz (2012) discuss how brick masonry buildings are likely to perform poorly during an earthquake,
while the same building type increases flood resilience. In studies after the 2003 Bam earthquake in Iran, it
was found that the vast majority of the damaged buildings were one to two storey buildings and made out of
adobe (Maheri et al., 2005; Manafpour, 2008). Adding bamboo to adobe to increase a building's earthquake
DE RUITER ET AL.
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Table 1
Examples of Common Building Practices in Developing Countries and Their Asynergies on Flood and Earthquake Risk
Building construction
practices

Decreases
earthquake risk

Asynergies flood risk

Decreases flood risk

Asynergies earthquake
risk

References (country/
region of case study)

Material related building DRR practices
Wood-frames

Able to resist
earthquakes due
to their flexibility,
typically perform
better than
concrete frames
during ground
shaking.

(1) Potential of structural
failure in relation to
flood velocity and
depth
(2) Building can float due
to lightweightness
and buoyancy*,
however this is highly
dependent on whether
flood waters have
entered the building

Earthen structures
(e.g., adobe)

When mixed
with bamboo,
earthquake
resistance can be
increased

Highly vulnerable mainly
due to undermining of
the foundation, erosion
and damages to due
collapsing of roof

Bamboo

Building can sway
due to not being
fixed to the
ground

Masonry

Becker et al., 2010
(North-America);
Holliday et al., 2012
(Nicaragua); Wood
et al., 2004 (Pacific
Northwest)1

When building a house
on an embankment,
flood risk can be
decreasedMixing
adobe with concrete
can increase the
resistance of walls to
standing water

Highly vulnerable due
to heaviness, walls
separate at the
corners and shear
cracks develop
across the walls

Building can float due
to lightweight and
buoyancy*
Masonry buildings ability
to withstand flood
damages mainly
depends on hydrostatic
loading (long-time
standing water), flow
velocity, the quality
of the brick (e.g., the
porosity) and (the
height of) openings
such as windows

Ainuddin et al., 2012
(Pakistan);
HochrainerStigler et al., 2010
(India); Holliday
and Kang 2012
(Nicaragua);
San Bartolomé
et al., 2013 (Peru);
Shah et al., 2013
(Pakistan)
Das and
Mukhopadhyay 2018
(India)

Low-porosity brick and
reinforced masonry
tend to be able to
withstand flood
damages

Relatively poor
performance due
to low ductility
and high lateral
stiffness. It does
depend on the
infill configuration
of the masonry
infilled reinforced
concrete frame,
where bare frames
have the highest
vulnerability
compared to
partially and fully
infilled reinforced
concrete frames

Castillo et al., 2011
(Venezuela);
Hughes, 1982
(South Asia);
Kennedy et al., 2008
(Indonesia);
Murty et al. 2006
(India); Saatcioglu
et al., 2006
(Indonesia); Wang
et al., 2018 (NA)

Raising house above
base flood elevation
decreases likelihood
of damages

Upper storeys have
a higher stiffness
than the ground
storey, causing an
inverted pendulum
swing.1 Damage to
the ground storey
leads to building
collapse

Bramley et al., 2002
(UK); De Graaf
et al., 2012
(EU); Mebarki
et al., 2012 (France);
Murty, 2005 (India);
De Ruig et al., 2019
(LA, USA); Sakijege
et al., 2014 (Tanzania
and Indonesia)1

Height related building DRR practices
Dry-proofing using
stilts

DE RUITER ET AL.

5 of 21

Earth’s Future

10.1029/2020EF001531

Table 1
Continued
Building construction
practices

Decreases
earthquake risk

Compact urban
development
(increasing urban
density)

Improve plinth and/or
foundation

Asynergies flood risk

Decreases flood risk

(uncontrolled)
More urbanized areas
urbanization often takes
are more likely to
place in flood plains.
have urban drainage
Also often leads to more
systemsThe use
impervious areas
of multistorey
apartment buildings
decreases the
number of exposed
households
Improved seismic
force resistance

The use of lesspermeable material
has showed mixed
results in decreasing
flood risk

Asynergies earthquake
risk

References (country/
region of case study)

Multistorey apartment
buildings can also
suffer from the
weak-storey effect

Brody et al., 2014 (USA);
Chang et al., 2018
(Canada); Lee
and Brody, 2018
(South Korea);
Löwe et al., 2017
(Australia)1

Ahmed, 2011
(developing
countries including
Bangladesh,
Vietnam,
Indonesia, Peru);
Fatemi et al., 2020
(Bangladesh)

DRR, disaster risk reduction.
*
Buoyancy can cause a building to drift from its foundation. Previous studies have shown that buildings will float when the flood depth reaches approximately
three-quarters of the building height (Becker et al., 2010). 1Where limited information specific to developing countries’ building practices was available,
information from nondeveloping countries has been included.

reinforcement has shown promising results (Das & Mukhopadhyay, 2018). However, this option is limited
to areas with access to bamboo. Wood-framed houses are light, and when tied together well they are able
to resist earthquake damage due to their flexibility (Holliday & Kang, 2012). However, as shown in Table 1,
the use of wood creates a flood asynergy: studies have shown that high flow velocity increases the risk of
flood damages to wooden buildings, especially in the case of flash floods (Becker et al., 2010). In contrast
to wood-frame buildings, earthen structures tend to be heavy, causing even small accelerations to lead to
high seismic forces, increasing the chance of damages (Holliday & Kang, 2012). The use of low-permeability materials up to BFE to decrease flood risk has showed mixed results in two studies in Bangladesh. In a
UNDP-funded project, plinths of houses in Bangladesh traditionally made from earthen materials were covered with cement-based soil, showing promising results (Ahmed, 2011). While a more recent study showed
that houses built using more durable, low-permeability materials nonetheless suffered severely from flood
damages (Fatemi et al., 2020).
2.2. Building Height
Next, building on stilts is often considered to be the most effective measure to decrease flood damages
(Bramley & Bowker, 2002; Sakijege et al., 2014). However, as shown in Table 1, building on stilts compromises a building's sturdiness as it contributes to an inverse pendulum swing during earthquakes, increasing
the risk of earthquake damages (Murty, 2005). This was demonstrated in case studies of India, Turkey,
Taiwan, and Algeria, by the collapse of a significant number of these types of buildings during different
earthquakes (Murty, 2005). In a study of India, Hochrainer-Stigler et al. (2019) found that raising the plinth
by building om embankments is cost effective for new houses but not for the improvement of existing
houses. Buildings in earthquake prone areas could benefit from such an increased sturdiness of building
foundations (Ahmed, 2011).
An important issue to note is that of people's limited understanding of novel construction practices (Kennedy et al., 2008). Haziq and Kiyotaka (2017) found that the lack of construction knowledge and disaster
awareness contribute to the high impacts of disasters in Afghanistan. For Tanzania and Indonesia, Sakijege
et al. (2014) found that one of the main issues is the limited involvement of experts, often due to their
costliness, and the lack of maintenance of previously implemented adaptation strategies. Moreover, both
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case study communities would resort to using construction materials that were thought of as flood resistant
(soil bricks with cement mortar and sand with cement blocks), however they are all deemed by FEMA as
vulnerable to (prolonged) floods (Sakijege et al., 2014). Despite the common use of adobe especially in developing countries, Holliday et al. (2016) found that engineering properties of construction materials such
as concrete remain far more studied and far better understood than the engineering properties of earthen
buildings, despite the fact that these earthen materials have been used for buildings far longer.
From our review, it appears that the knowledge of building practices is largely fragmented based on a single
hazard paradigm (hazard silos) and most discussions of asynergies of building-level DRR practices in developing countries between different hazard types in the literature have concentrated on local case-studies.

3. Methods
Figure 1a shows a flow diagram summarizing the methods used to calculate flood and earthquake risk,
asynergies of the two DRR scenarios and the optimal scenario. To assess the asynergies of flood and earthquake DRR measures in Afghanistan, we calculate the AAL of both hazards under current conditions and
in two DRR scenarios (Figure 1a). The AAL is calculated at the grid level (90 × 90 m), with building areas
(from district-level database) of different building types distributed over urban and rural grid cells. In each
DRR scenario, the building stock is adjusted to reflect either decreased flood or decreased earthquake vulnerability. These DRR scenarios are designed based on the findings of Section 2. Subsequently, the asynergies of each scenario and the optimal situation per district are calculated. This section follows the methods
flow diagram. We first discuss the data obtained and the methods used to assess the AAL of floods and
earthquakes for Afghanistan. Next, we discuss the two DRR scenarios used to assess the asynergies of flood
versus earthquake DRR measures and the assessment of the optimal scenario.
3.1. Calculating Risk
To estimate risk in terms of AAL for each hazard, we combine information on the hazard, exposure, and vulnerability, as described below. In brief, we use hazard and exposure data obtained by the World Bank (2018)
(hereafter referred to as WB-data), while the flood vulnerability component builds on previous work by
Englhardt et al. (2019) and the earthquake vulnerability component uses the approach discussed by Haldar
et al. (2013). The AAL is calculated at a 90 × 90 m cell level; the same spatial resolution as those used for
the inundation maps.
3.1.1. Hazard
For the flood hazard component, we used simulated inundation maps for fluvial floods with a 90 × 90 m
resolution, as created by the World Bank for their Afghanistan country risk profile for 8 different return
periods (i.e., 5, 10, 20, 50, 100, 250, 500, and 1,000 years; World Bank, 2018). The earthquake hazard maps
were obtained through the World Bank (2018) Afghanistan multirisk profile, which were modeled following Daniell (2014). The hazard maps were derived for various spectral accelerations (from 0 to 2s), at 10,
50, 100, 250, 500, 1,000 and 2,500-year return periods using CRISIS2007 which is part of CAPRA (World
Bank, 2018). Figure 2 shows the flood map for the 500-year return period of the Kabul and Nangarhar
provinces and the earthquake ground motion for the 500-year return period as an example. We refer to the
supplementary material for more details on the hazard maps.
3.1.2. Exposure
Both the earthquake and flood risk assessments use exposure data of residential buildings (excluding multiuse buildings) that were obtained through the World Bank (2018) by local partners and in collaboration
with UNDP's National Risk and Vulnerability Assessment (Central Statistics Organization, 2014). For each
of the 409 districts, the exposure data consist of the size of the building surface area (building footprint in
square meter) classified by (i) 31 wall materials, (ii) the number of stories (1–6), and (iii) land use class (i.e.,
urban or rural). In addition, for each class the US$ value of buildings per square meter is provided. The wall
material types (Table S1) are categorized using common model building types (MBT) based on the Indian
MBT (Haldar et al., 2013), PAGER (Jaiswal & Wald, 2008), PSI method (R. Spence et al., 2008), descriptions
of Afghan (Szabo & Barfield, 1991) and Pakistani architecture (Maqsood & Schwarz, 2008). Examples of
DE RUITER ET AL.
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Figure 1. Flow diagram of methods. (a) Starting from the left, we first calculate the flood and earthquake risk in terms of absolute and relative AAL. Next, we
design two DRR scenarios and use those to assess the asynergies (after a disaster caused by a particular hazard, DRR measures are tailored to reducing the risk
of that hazard), and finally we calculate the optimal scenario per district. (b) Detailed flow diagram of the exposure methods shows that for each district, we
have the building footprint in square meters for all urban and rural building types. The GLC30 urban and rural built up area raster is resampled from 30 × 30 to
90 × 90 m cells. Next, the WB, district-level building inventory data is distributed over the cells based on their class (urban buildings types are allocated to urban
built up cells and rural building footprints are allocated to rural cells; step 1). When the cells of one class is full before all building footprints of that class are
distributed, they are added to the cells of the other class (step 2). We always only have districts of which the cells of one class are filled, allowing us to allocate
the remaining building footprint to cells of the other class. Source icons: UNOCHA (2012 and 2018). AAL, average annual loss; DRR, disaster risk reduction;
WB, World Bank.
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Figure 2. Example hazard maps for floods (left—an insert of the 500-year return period for the provinces of Kabul and Nangarhar) and earthquakes (right—
500-year RP Earthquake ground motion—the Peak Ground Acceleration [PGA]).

common Afghan building typologies are shown in Figure 3. In total, the database consists of 594,930 urban
and 2,592,062 rural residential buildings (Table S2 contains a breakdown of the number of residential buildings per province and their value).
For the flood and earthquake risk assessments, these buildings (at district level) need to be distributed over
90 × 90 m cells (i.e., downscaling). Unfortunately, in Afghanistan there are very few data available about the
exact locations of buildings. For example, the Global Human Settlement (GHS) Layer (Corbane et al., 2019),
shows a low agreement with satellite observations in arid regions, such as Afghanistan, where open soil
surfaces and scattered vegetation results in a high false alarm rate (Klotz et al. 2016). As an example, we
found that 38 of the 409 districts have no built-up area depicted at all in the GHS. Other datasets, such as
OpenStreetMap are very sparsely populated in Afghanistan (Barrington-Leigh & Millard-Ball, 2017).

Figure 3. Examples of common building typologies in Afghanistan. AM, AL, and AC are adobe buildings, MM, ML,
and MC are unreinforced masonry buildings, RC1, RC2, RC3 are reinforced concrete buildings and ST1, ST2, and ST3
are steal frame buildings. Source: World Bank (2018). The building type codes and their descriptions are shown in
Table S1.
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Therefore, we use land cover data of GlobeLand30 (GLC30) from 2010, which does have a high agreement
with land cover types observed in satellite imagery (Chen et al. 2017), including in arid regions (Jokar Arsanjani et al., 2016). We refer to Chen et al. (2017) for an extensive review of the use of GLC30 data.
Figure 1b shows a flow diagram of the exposure methods. GLC30 comprises of 10 land cover types at a
30 × 30 m cell-size level, including cultivated land and artificial surfaces, which we resample using nearest-neighbor resampling to the resolution (90 × 90 m) and projection of the flood maps. Unfortunately, the
definition of urban and rural areas in the WB-data (based on local expert knowledge) is different from the
definition of artificial surfaces and cultivated lands in the GLC30 data (based on remote sensing techniques).
In extreme cases, a district comprises only of urban built-up area according to the WB-data, whereas GLC30
shows cultivated land use (e.g., Kabul district), or there is only rural population according to the WB-data,
whereas GLC30 data clearly shows urban centers. Therefore, we first determine the total area (i.e., urban
and rural) from the WB-data and distribute this built-up area over the artificial and cultivated land from
the GLC30 data, while considering the average Afghan built-up density difference between urban and rural
areas. The urban built-up area depicted in the WB-data is first allocated to the artificial surfaces cells, while
the rural built-up area depicted is first allocated to the cultivated areas. If the artificial surfaces in a district
are filled, the remaining urban buildings are allocated to the cultivated land cells in that district. Vice versa,
if the cultivated land in a district is filled, the rural buildings are allocated to the artificial surfaces cells.
Finally, many (global) flood risk models tend to overestimate risk due to the coarse resolution of the hazard
maps (Ward et al. 2015) in combination with the low quality of large-scale exposure data (Klotz et al., 2016).
When looking closely at the 5-year flood zone map in comparison with the exposure data, it appeared that
many people would be living in the riverbed, while in reality they would be living just next to it. More importantly, as in most arid to semi-arid countries, Afghanistan's rivers are for the most part ephemeral (Ahlers et al., 2014). Some studies suggest that for those ephemeral rivers in arid regions bankfull discharges are
found at longer return periods (5–8 years; De Jalón, 2003; Ward et al, 2016). Ward et al. (2016) argue that the
flood volume associated with 2-year return period discharge is defined in a purely statistical matter based
on annual time-series of annual maximum flood volumes. As such it does not refer to the 2-year flood volume. Finally, according to FLOPROS the flood protection standard for Afghanistan ranges from 2 to 5 years
(Scussolini et al., 2016). Therefore, no building area was distributed to cells (artificial surface or cultivated
land) inside the 5-year flood zone. Due to the exclusion of the 5-year flood zone in the exposure component,
we expect the AAL to be lower than in global flood risk assessments, which do not account for this. Note
that the same exposure (with no building area in the 5-year flood zone) was used for the earthquake risk
assessment, such that the comparison is consistent.
3.1.3. Vulnerability
Flood and earthquake vulnerability are commonly quantified using vulnerability curves that link a hazard
factor (e.g., inundation or ground shaking) to damage potential (De Ruiter et al., 2017). For floods, this
damage potential is often referred to as the damage factor (i.e., the percentage of the building damaged)
and spans from zero (no damage) to one (maximum damage; Huizinga et al., 2017) and for earthquakes
as the damage ratio (i.e., the ratio of the repair cost of the building to construction cost; Daniell, 2014).
While earthquake vulnerability curves tend to be designed based on building materials, flood vulnerability curves are commonly designed based on aggregated land-use classes (e.g., residential, commercial,
industrial), which do not account for heterogeneity of the building stock (De Ruiter et al., 2017; Englhardt et al., 2019). To the best of our knowledge, there exist no flood and earthquake building-material
based vulnerability curves specific to the Afghanistan building stock. Therefore, for both hazards, curves
have been based on existing curves of similar building types and adjusted to local building characteristics based on expert judgment. For both hazard types, the building classes are grouped based on their
respective vulnerability characteristics as shown in Table S1 with their respective vulnerability curves
shown in Figure S1. The maximum damage values were obtained through the World Bank (2018) as
shown in S4 for each of the 31 building classes. It should be noted that due to the way in which buildings
are designed and constructed there are many uncertainties in estimating Afghan building vulnerabilities
(World Bank, 2018). We refer to the supplementary material (Figure S1) for a detailed description of the
flood and earthquake vulnerability curves.
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Figure 4. Conceptual representation of asynergies of DRR measures. The left panel shows how after a flood event at t0 flood DRR measures for buildings are
implemented at t1. While these measures cause a decrease in flood risk, they increase the risk of earthquakes: an asynergy of flood DRR measures. The right
panel shows the same in an earthquake scenario. The figure also depicts the two scenarios used to assess the asynergies: flood proofing by upgrading adobe
buildings to brick buildings and earthquake proofing by upgrading adobe buildings using wood (Section 3.4). Source icons: UNOCHA (2012 and 2018). DRR,
disaster risk reduction.

3.1.4. Calculating the AAL
Finally, risk is assessed by calculating the AAL for each hazard at cell level. In order to make the comparison
between both hazards fair, we only consider exposure in the flood zones as it is not necessary to consider flood
risk when designing buildings outside this zone, while the earthquake risk is not as geographically limited.
3.1.4.1. Flood AAL
For floods, we calculate the AAL (in US$) as follows: per return period, for each 90 × 90 m cell, the vulnerability ratio for each building is determined from the respective vulnerability curve and inundation depth.
The vulnerability ratio is then multiplied by the maximum damage value for each building type (Table S3).
The AAL is calculated by plotting the inverse return period and associated damages and taking the integral
under the risk (probability-damage) curve (Ward et al. 2013).
3.1.4.2. Earthquake AAL
For earthquakes, the open source CAPRA model is modified to model the earthquake AAL (Cardona, Ordaz, & Reinoso, 2012; World Bank, 2018). First, the CRISIS2007 software is used to create event sets for
different annual return periods (Mousavi et al., 2014; Ordaz et al., 2013). In CAPRA, the CRISIS2007 output
(the PGA maps) is combined with the fragility functions and overlaid with the exposure to calculate deterministic and event-set probabilistic risk following Daniell (2014). The losses (AAL in US$) are calculated at
a 1-km grid cell by summing the AALs for each return period, per building type for rural and urban residential buildings. For the comparison with floods, the AALs are then downscaled to 90 × 90 m raster cells per
building class by redistributing them.

3.2. Designing the DRR Scenarios
Figure 4 shows a schematic representation of the asynergies for both scenarios (as part of the method's flow
diagram of Figure 1). To assess the asynergies between flood and earthquake DRR measures in Afghanistan,
we designed two DRR scenarios based on the review of Section 2. Table 1 shows that a common practice
of addressing a building's earthquake resilience is by upgrading adobe buildings to wood frames and a
common practice of increasing a building's flood resilience is by upgrading adobe buildings to masonry.
Therefore, the two DRR scenarios are as follows:
• I n the increased flood resilience scenario (Flood DRR scenario), the building stock was adjusted to make
it less vulnerable to floods. Here, we assumed that all adobe building types (i.e., AL, AC, AM, MM, INF,
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Figure 5. Current flood (a) and earthquake (b) risk ratios per district (with in brackets the province) combined for all return periods, urban and rural, and
all building material vulnerability classes. We refer to Figure S3 for the absolute AAL values per district and per hazard. This and all subsequent maps use the
Equirectangular projection of the WGS84 geographic coordinate system. The x- and y-axis of all maps show the long- and latitudes in degrees. AAL, average
annual loss.

DJ, M2, ML, MCL, MCM) in the flood zone are upgraded to brick masonry buildings (the MEL building
type)
• In the increased earthquake resilience scenario (Earthquake DRR scenario), the building stock was adjusted to be less vulnerable to earthquakes. This was simulated by adjusting the same adobe building
types to wood buildings (the W1 building type) for all buildings in the flood zones
It is important to note that while upgrading the entire building stock is not a realistic DRR measure, it is
used to demonstrate the impacts of asynergies between different DRR measures on risk.

3.3. Assessing Asynergies
To assess the asynergies per district, we first calculate the AAL relative to the value of exposure per cell
(the risk ratio) for both floods and earthquakes in both DRR scenarios. It is important to assess the AALs
as a ratio of the building stock value, to correct for the increase in the value of the exposure due to the improved buildings that have higher maximum damage values (e.g., the maximum damage per square meter
residential footprint of an urban one-storey AM building is $44/m2, while that of an urban one-storey W1
building is $106/m2). Then, we compare the risk reduction per district. Next, we calculate the average risk
ratios per cell and the total AALs in the current situation and in both DRR scenarios by combining the risk
ratios and AALs of floods and earthquakes per scenario (schematically represented by the purple line in
Figure 4). Figure S2 shows the value of the exposure (in US$) per district for the current situation, the two
DRR scenarios and the optimal scenario.
3.4. Optimal Scenario and Sensitivity Analysis
The assessment of the asynergies allows us to also calculate the optimal scenario. Rather than using the
absolute AALs, we optimize at a cell level for the lowest risk ratio by comparing both DRR scenarios. Next,
we aggregate the optimized risk ratios to district and country level by taking the mean risk ratio per cell.
We compare the relative AALs of the two scenarios with each other rather than with the current scenario
as the higher maximum damage values of the upgraded building stock are likely to cause the DRR-scenario AALs to always be higher than the current AALs. Finally, the optimal scenario is used to calculate the
sensitivities of decreasing the total risk ratios when implementing one DRR measure over the other. This
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Table 2
Flood and Earthquake Risk in Afghanistan in the Current, Both DRR and
the Optimal Scenario
Current

Flood
DRR

Earthquake
DRR

Optimal

Total
Average risk ratio per cell

0.0095

0.000998

0.00104

0.00096

Total AAL (US$/year)

5.2 M

8.5 M

5.9 M

7.7 M

Total exposure (US$/year)

588 M

1.1 B

759 M

930 M

Floods
Average risk ratio per cell

0.0066

0.00078

0.00088

0.00079

Total AAL (US$/year)

3.5 M

6.5 M

4.9 M

6.3 M

Average risk ratio per cell

0.0028

0.00020

0.00015

0.00017

Total AAL (US$/year)

1.7 M

2.05 M

1.0 M

1.3 M

Earthquakes

Note. For the current, flood DRR, earthquake DRR, and optimal scenarios,
the following are shown as a total (combining floods and earthquakes)
and per hazard: (1) the average risk ratio (AAL per year/exposure)
per cell, (2) the total AAL (per year) for Afghanistan and (3) the total
exposure for Afghanistan. The absolute total AAL in the optimal scenario
counterintuitively exceeds that of the earthquake DRR scenario. This is
caused by the optimization of the risk ratios rather than an optimization
of the absolute AAL. The values in this table only account for the
exposure in the flood zones. Note that the values presented are only for
the residential buildings in the flood zone.
AAL, average annual loss; DRR, disaster risk reduction.
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sensitivity is calculated as how much the risk ratio of one hazard would
need to change for the other DRR measure to be equally or more effective
in decreasing the risk ratio.

4. Results and Discussion
First, we discuss the findings of the current flood and earthquake risk in
Afghanistan. Next, we show the relative AALs for floods and earthquakes
for both DRR scenarios, and discuss the asynergies. Then, we discuss the
most optimal scenario combining the lowest AALs from each scenario
and a sensitivity analysis of the DRR measures. Finally, we discuss the
limitations of our study and opportunities for future research.

4.1. Flood and Earthquake Risk Assessments
Figure 5 shows the results of the current flood and earthquake risk assessments in Afghanistan: for floods we find a risk ratio of 0.0066 (0.66%
per year) and for earthquakes we find a risk ratio of 0.0028 (0.28% per
year). For earthquakes, the northeast stands out as the region with the
highest relative earthquake risk. Since we only account for the flood
zones, the absolute AAL for earthquakes in (1.7 million dollars) is low
compared to other studies for earthquakes that also consider damages
outside of the flooded areas (Table 2). When comparing our findings with
the World Bank (2018) report, they find residential building risk ratios
per square kilometre ranging from 0.00027% in the southwest to 3% in the
northeast for earthquakes.

For floods, the higher AAL values are found in the border areas: near
the northern border with Turkmenistan (the areas around Mazar-i Sharif
and Kunduz), near the north east border with Pakistan and in the South near Pakistan (e.g., Reg-e Khan
Neshin). These are areas with both higher exposure values as well as higher proneness to both floods and
earthquakes (as shown in Figure 2). At 3.5 million dollars, the absolute AAL for floods in the flood zones
is also low compared to other studies, as the World Bank (2018) found a flood AAL of 9.8 M ($/yr) for residential buildings. These lower AAL values for floods and earthquakes can be explained by the assumption
that there are no people living in the 5-year flood zones (these buildings were distributed outside the 5-year
flood zone as explained in Section 3.2.2).

4.2. Assessing Asynergies
To assess the asynergies between the two DRR scenarios, we compare the risk ratios of flood and earthquake risk in both scenarios. The total value of the current exposure in the flood zones is US$ 588 million,
which increases in the flood DRR scenario to US$ 1.1 billion and in the earthquake DRR scenario to US$
760 million. As expected, we see in Table 2 that the absolute AAL value goes up as a result of the increased
exposure value.
When looking at the total risk ratios (combining flood and earthquake risk) in the flood and earthquake
DRR scenarios (Table 2), we find that the total risk ratio is only marginally lower in the flood DRR scenario
(0.00099 or 0.09%) compared to the earthquake DRR scenario (0.0010 or 0.1%). These findings suggest that
at a national level, proofing the built environment to resist floods is most beneficial in addressing both
hazards, but it would require a larger invest in upgrading the built environment. Both DRR scenarios are a
large improvement on of the current situation (0.0095 or 0.95%). When assessing the asynergies of earthquake DRR on flood risk, we find that flood risk under the earthquake DRR (0.00088 or 0.088%) is higher
compared to the flood risk in the flood DRR scenario (0.00078). Vice versa, when assessing the asynergies of
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Figure 6. Flood and earthquake risk ratios for the flood DRR scenario (respectively a and b) and the earthquake DRR scenario (respectively c and d). We refer
to Figure S4 for the absolute AALs per district for floods and earthquake risk in the two DRR scenarios. AAL, average annual loss; DRR, disaster risk reduction.

flood DRR on earthquake risk, we found that earthquake risk in the flood DRR scenario (0.00020 or 0.02%)
is higher than the earthquake risk in the earthquake DRR scenario (0.00015 or 0.015%). It is important to
note that the total absolute AAL value is highest in the flood DRR scenario. This is caused by the high value
of the exposure in that scenario.
Figure 6 shows the spatial distribution of the risk ratios per district and per hazard in each scenario. To
assess the asynergies of DRR measures at a district level, we compare the differences in risk ratios (asynergies) of each hazard in both DRR scenarios. When looking at the flood risk ratios in the two DRR scenarios
(Figures 6a and 6c), we find that the flood risk ratio is lower in the flood DRR scenario (Figure 6a) than in
the earthquake DRR scenario (Figure 6c) for each region, but some regions stand out. The largest difference
between the total risk in the flood DRR (summing Figures 6a and 6b) versus the earthquake DRR (summing
Figures 6c and 6d) scenario is found in the district of Narang wa Badil, which is located east of Kabul in the
border region with Pakistan. Here, the total risk ratio in the earthquake DRR scenario is 0.03 higher than
the total risk ratio in the flood DRR scenario. This is mainly caused by the local difference in the flood risk
ratio in the flood DRR scenario (0.017) versus the flood risk ratio in the earthquake DRR scenario (0.02).
The difference between the earthquake risk under both scenarios (Figures 6b and 6d) is 0.0002 despite its
location in one of the more earthquake prone regions of Afghanistan. This could be explained by numerous
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flood events of the Kunar river in recent years, which has been the deadliest hazard type in the region and
has caused severe damages (Atta-ur-Rahman & Shaw, 2015). Another large difference between the total risk
in the flood DRR versus the earthquake DRR scenario is found in the region around Mazar-i-Sharif which
is the fourth largest city of Afghanistan. The difference in flood risk between the two DRR scenarios is very
small (<0.000015) in areas around the districts of Injil, Reg-e Khan Neshin, and Arghandab. For earthquake
risk, the largest asynergy (the difference between the earthquake risk ratios in both scenarios) is found in
the region around Kunduz (Kunduz). Here, the earthquake risk in the flood risk scenario is 0.0007 higher
than the earthquake risk in the earthquake scenario. This coincides with the area of the country with the
highest earthquake hazard (Figure 2). The absolute risk in both scenarios (Figure S4) shows the same patterns as those of the risk ratios. It is important to note that we optimized for the risk ratios and that therefore
the absolute AAL in the optimal situation is higher than that of the earthquake DRR scenario (Table 2).
Despite the significantly lower replacement costs of adobe buildings, people are more likely to improve the
ability of their houses to resist damages from disasters. In part this is caused by people's “place-attachment”:
rather than relocating to a less hazard-prone area, people continue living in the same area and decrease the
vulnerability of their house (Jabeen et al., 2010). However, implementing the DRR scenarios will increase
the absolute AAL compared to the current situation (Table 2). This means that people whose homes sustain
damages due to a flood or an earthquake, would experience higher reconstruction costs. This could discourage people from actually implementing such building-level DRR measures.

4.3. Optimal Scenario and Sensitivity Analysis
Finally, we calculate the optimal situation for Afghanistan by comparing the risk ratios in the flood DRR
and earthquake DRR scenario and selecting for each cell the lowest ratios (Table 2). We found that the
average risk ratio per cell for the country can be minimized to 0.00096 (0.096%). This is 2% lower than the
average flood and earthquake risk ratio in the flood DRR scenario and 8% lower than the average flood and
earthquake risk ratio in the earthquake DRR scenario. We refer to Figure S5 for the figures showing the
absolute AAL values per district for each hazard and the total risk.
Calculating the optimal scenario also allowed us to assess the sensitivity of the DRR scenarios in reducing
the risk ratios. Figure 7 also shows the sensitivity of the DRR measures in impacting the flood and earthquake risk. The darker colors show larger asynergies. For example, in the darker blue areas it will be very
unbeneficial to implement earthquake DRR measures. This is mainly the case in the western half of Afghanistan and in some of the regions bordering with Pakistan. In the middle of the country, indicated by the
lighter colors, the risk would only need to change slightly for an opposing DRR measure to be equally effective. The dark red colors, concentrated on the eastern side of the country, show districts where it would be
more beneficial to implement earthquake rather than flood DRR measures. This sensitivity is important to
take into account when addressing the asynergies. When looking at the individual districts, we find that in
Shibkoh and Kahmard the benefits of the flood DRR over earthquake DRR scenario are highest (respectively, 16% and 15%), while Bak and Khost wa Firing benefit most from earthquake DRR measures (respectively,
40% and 37%). This means, for example, that in the district of Bak the earthquake DRR scenario creates a
much larger decrease in risk ratio and that the district would benefit greatly from the implementation of
earthquake DRR measures. Conversely, Kahmard would benefit from flood DRR measures. The less darkly
colored districts would benefit to a much lesser extent from either one of the DRR measures.

4.4. Limitations and Future Outlook
The aim of our study is to demonstrate scientists and policy makers the importance of accounting for DRR
asynergies in risk assessments, rather than providing a policy recommendation for the Afghan government
regarding its risk management. The flood and earthquake AAL values found in this study are lower than
those found by other studies, mainly due to the mismatch between the WB and GLC30 data, the exclusion
of the 5-year flood zones for both hazards and the focus on residential buildings while excluding multiuse
buildings. The absolute AALs should not be considered as comprehensive, but the relative changes in AALs
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Figure 7. Optimal flood and earthquake risk ratios per district and the sensitivity of the DRR measures in percentage reduction of the risk ratios. The
optimized risk ratios were aggregated to district and country level by taking the mean risk ratio per cell. Per district, the lowest risk ratio is shown for the
total flood or earthquake risk in the Flood DRR scenario (blue values) or Earthquake DRR scenario (red values). The color gradients show the percentage in
reduction of the risk ratio of one DRR scenario over the other, with in red the districts where the percentage reduction in risk ratio is larger in the earthquake
DRR scenario and in blue the districts where the flood DRR scenario results in a larger percentage reduction in risk ratio. DRR, disaster risk reduction

in the DRR scenarios do provide insights into how asynergies between structural DRR measures can impact
the total risk.
There have been several discussions in the literature about the complexity of disaster vulnerability and
vulnerability encompasses more than just poor construction or development of the built environment in
hazard-prone areas (Godschalk, 2003; McEntire, 2005; Wisner et al., 2004). Although decreasing the vulnerability of an entire country's building stock to better withstand natural hazards may appear unrealistic, it
does provide preliminary insights into the potential asynergies of DRR measures between different hazard
types. It enables us to better understand the interactions between different single-hazard-tailored measures, how commonly the issue of opposing effects due to single-hazard type building measures arises and
ultimately helps urban planners in deciding what type of measure is worthwhile in which area. This allows
policy makers to spatially differentiate building codes and other building-level DRR measures to address
the most prevalent risk while not compromising risk of other hazard types. It should also be noted that in
Afghanistan, the brick industry is much larger than the wood industry (Lister & Karaev, 2004). Hence, the
transition to brick would be a more realistic scenario. Nonetheless, it is important to account for the potential asynergies of the use of bricks in earthquake prone areas. Moreover, we calculated the asynergies only
for two simple DRR scenarios. A choice for different DRR scenarios (e.g., building on stilts as a flood DRR
measure) would lead to different findings. For future research it would be beneficial to also examine other
possible DRR scenarios and account for changing hazard and exposure conditions. Moreover, exposure data
were available at a district level. Ideally, when calculating asynergies with the purpose of directly influencing policy measures, we recommend using more detailed data.
Another limitation that was not taken into account is that of corruption. Corruption is one of the key issues
in DRR (Alexander, 2016; Kenny, 2012; Lewis, 2011), especially for buildings, as the construction industry
has been shown to be the most corrupt industry of the global economy (Betts & Farrell, 2009). Over the past
30 years, Eighty-three percent of the deaths attributed to collapsed buildings due to earthquakes occurred
in anomalously corrupt countries (Ambraseys & Bilham, 2011). Daniell et al. (2014) show that Afghanistan,
despite its high earthquake risk, ranks very poorly on a scale of corruption (high) versus adequacy of its
seismic codes (low) and capital stock per capita (low). Despite the understanding of how to decrease the risk
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of earthquakes, measures such as implementing and reinforcing building codes continue to be jeopardized
especially in developing countries (Kenny, 2012).
Although we recognize the importance, accounting for potential malfunctions in simulating the adverse
effects of DRR measures is impossible. Another important aspect is people's affinity with and access to
different construction materials and techniques. For example, Kennedy et al. (2008) discussed how in Aceh
(Indonesia) timber houses are safer compared to masonry houses, as many people build their houses themselves and have a far better understanding of timber building techniques compared to masonry. While the
WB data were obtained in collaboration with local stakeholders, the DRR scenarios were not designed in
consultation with local stakeholders. Future research should aim for such co-production of DRR scenarios.
These limitations also influence the definition of the optimal scenario. Here, we choose to optimize to the
lowest relative AAL. While the spatial detail of our approach reflects individuals or small communities
adjusting their own houses to be more flood or earthquake resistant, many other aspects can and should
be taken into account when optimizing to a locally ideal DRR situation, such as the cost of upgrading and
maintaining a higher quality house and the availability of and access to building materials.

5. Conclusions
Many DRR measures, whether taken by individuals or enforced through policies, are aimed at decreasing
the vulnerability of individual objects such as buildings. While many countries face the risk of multiple
hazards, building-level DRR measures are often tailored to decrease the risk of one hazard and can have
potential negative impacts on the risk of another hazard. We refer to these effects as “asynergies” of DRR
measures.
We provide an overview of common asynergies between flood and earthquake DRR building measures.
This is applied to a case-study of Afghanistan to demonstrate the asynergies of flood and earthquake DRR
measures at a district level. In a case study of Afghanistan, we first calculated the AAL for floods and earthquakes in the current situation using hazard, exposure and vulnerability data from the World Bank (2018).
In the current situation this average is 0.66% per year for floods, and 0.28% per year for earthquakes. Next,
we created two DRR scenarios to simulate a flood risk reduced situation and an earthquake reduced situation by changing the building stock. We found asynergies for both hazard types in each DRR scenario when
looking at the average risk ratios per cell. We find that the flood risk ratio in the earthquake DRR scenario
(0.088%/year) is higher compared to the flood risk in the flood DRR scenario (0.078%/year). The same holds
for the inverse, with the earthquake risk ratio in the flood DRR scenario (0.020%/year) being considerably
higher than the earthquake risk ratio in the earthquake DRR scenario (0.015%/year). When summing the
flood and earthquake damages we arrive at total risk ratios of 0.098%/year under the flood DRR scenario,
and 0.104%/year for the earthquake scenario. When assessing the optimal set of risk measures (choosing
for each district the lowest risk ratio) we find that the total risk ratio can be decreased to 0.096%, which is
2% lower than the flood DRR scenario and 8% lower than the earthquake scenario. The optimal measure
differs spatially throughout Afghanistan, but in most districts (based on the optimization on cell level) it
is more beneficial to take flood DRR measures. However, in the districts where it is more beneficial to take
earthquake measures the difference is considerable (up to 40%, while flood measures are only up to 16%
better in individual districts).
A better understanding of asynergies in DRR measures between different hazard types is crucial in informing policy makers and allows them to adjust building-level DRR measures accordingly to promote a more
sustainable development. Future research is required to continue addressing existing knowledge gaps in
the asynergies of DRR measures tailored to different hazard types in general and for local case studies in
particular. Future research should focus on improving our scientific understanding of asynergies, and the
calculation of asynergies as part of risk assessments should be mainstreamed.

Conflict of Interest
The authors declare no conflicts of interests.
DE RUITER ET AL.

17 of 21

Earth’s Future

10.1029/2020EF001531

Data Availability Statement
The Afghanistan World Bank data used for this research can be obtained through: https://disasterrisk.af/
geonode_risks/data_extraction/

Acknowledgments
The authors would like to thank Dr.
Faith Taylor and one anonymous reviewer for their very valuable feedback.
This work has been funded by a VIDI
grant from the Netherlands Organisation for Scientific Research (NWO)
(016.161.324) and a VICI grant from the
NWO (453-13-006). The authors would
like to thank the World Bank and the
Global Facility for Disaster Reduction
and Recovery (GFDRR) for the development of the Disaster Risk Afghanistan
Geonode.

DE RUITER ET AL.

References
Ahlers, R., Brandimarte, L., Kleemans, I., & Sadat, S. H. (2014). Ambitious development on fragile foundations: Criticalities of current
large dam construction in Afghanistan. Geoforum, 54, 49–58.
Ahmed, I. (2011). An overview of post-disaster permanent housing reconstruction in developing countries. International Journal of Disaster Resilience in the Built Environment, 2(2), 148–164.
Ainuddin, S., & Routray, J. K. (2012). Community resilience framework for an earthquake prone area in Baluchistan. International Journal
of Disaster Risk Reduction, 2, 25–36. https://doi.org/10.1016/J.IJDRR.2012.07.003
Alexander, D. E. (2016). The game changes: “Disaster prevention and management” after a quarter of a century. Disaster Prevention and
Management, 25(1), 2–10.
Alexander, D. E. (2017). Natural disasters, London, UK: Routledge.
Ambraseys, N., & Bilham, R. (2011). Corruption kills. Nature, 469(7329), 153–155.
Argyroudis, S. A., Mitoulis, S. A., Hofer, L., Zanini, M. A., Tubaldi, E., & Frangopol, D. M. (2020). Resilience assessment framework for
critical infrastructure in a multi-hazard environment: Case study on transport assets. The Science of the Total Environment, 714, 136854.
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
Balica, S. F., Dinh, Q., & Popescu, I. (2015). Vulnerability and exposure in developed and developing countries: Large-scale Assessments. In
J. F. Schroder, P. Paron & G. Di Baldassarre, (Eds.), Hydro-meteorological hazards, risks and disasters (pp. 125–162). Amsterdam: E
 lsevier.
https://doi.org/10.1016/B978-0-12-394846-5.00005-9. http://www.sciencedirect.com/science/article/pii/B9780123948465000059
Barrington-Leigh, C., & Millard-Ball, A. (2017). The world's user-generated road map is more than 80% complete. PloS One, 12(8), e0180698.
Becker, A. B., Johnstone, W. M., & Lence, B. J. (2010). Wood frame building response to rapid-onset flooding. Natural Hazards Review,
12(2), 85–95.
Betts, M., & Farrell, S. (2009). Global construction 2020: A global forecast for the construction industry over the next decade. (pp. 108). London,
UK: Global Construction Perspectives and Oxford Economics, 2009. ISBN: 9780956420732 0956420737. https://www.worldcat.org/title/
global-construction-2020-a-global-forecast-for-the-construction-industry-over-the-next-decade/oclc/489637787
Bilham, R. (2009). The seismic future of cities. Bulletin of Earthquake Engineering, 7(4), 839–887.
Bramley, M. E., & Bowker, P. M. (2002). Improving local flood protection to property. Proceedings of the Institution of Civil Engineers-Civil
Engineering, 150(5), 49–55 Citeseer.
Brody, S., Blessing, R., Sebastian, A., & Bedient, P. (2014). Examining the impact of land use/land cover characteristics on flood losses.
Journal of Environmental Planning and Management, 57(8), 1252–1265.
Cardona, O., Ordaz, M., & Reinoso, E. (2012). CAPRA–comprehensive approach to probabilistic risk assessment: International initiative
for risk management effectiveness. Proceedings of the 15th World Conference on Earthquake Engineering, 1, 10 Retrieved from http://
www.iitk.ac.in/nicee/wcee/article/WCEE2012_0726.pdf
Castillo, A., López-Almansa, F., & Pujades, L. G. (2011). Seismic risk analysis of urban non-engineered buildings: Application to an informal settlement in Mérida, Venezuela. Natural Hazards, 59(2), 891–916.
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, 251–265.
Chen, J., Cao, X., Peng, S., & Ren, H. (2017). Analysis and applications of GlobeLand30: A review. ISPRS International Journal of Geo-Information, 6(8), 230.
Chmutina, K., Jigyasu, R., & Bosher, L. (2017). Integrating disaster risk reduction including climate change adaptation into
the delivery and management of the built environment. In I. Kelman, J. Mercer, & J. C. Gaillard (Eds.), The Routledge handbook of disaster risk reduction including climate change adaptation (pp. 11). Retrieved from https://www.routledge.com/
The-Routledge-Handbook-of-Disaster-Risk-Reduction-Including-Climate-Change/Kelman-Mercer-Gaillard/p/book/9781138924567
Ciurean, R., Gill, J., Reeves, H. J., O'Grady, S., & Aldridge, T. (2018). Review of multi-hazards research and risk assessments, (pp. 108). Nottingham, UK: British Geological Survey. (OR/18/057). http://nora.nerc.ac.uk/id/eprint/524399/
Corbane, C., Pesaresi, M., Kemper, T., Politis, P., Florczyk, A. J., Syrris, V., et al. (2019). Automated global delineation of human settlements
from 40 years of Landsat satellite data archives. Big Earth Data, 3(2), 140–169.
Crosti, C., Duthinh, D., & Simiu, E. (2010). Risk consistency and synergy in multihazard design. Journal of Structural Engineering, 137(8),
844–849.
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.
Daniell, J. (2014). Development of socio-economic fragility functions for use in worldwide rapid earthquake loss estimation procedures (PhD
thesis). Karlsruhe, Germany: Karlsruher Institut für Technologie. Retrieved from https://publikationen.bibliothek.kit.edu/1000045149
Daniell, J. E. (2015). Global view of seismic code and building practice factors. In Encyclopedia of earthquake engineering, (pp. 1109–1119).
Retrieved from https://doi.org/10.1007/978-3-642-35344-4_407
Daniell, J. E., Wenzel, F., Khazai, B., & Gonzalez, J. (2014). A worldwide seismic code index, country-by-country global building practice
factor And socioeconomic vulnerability indices for use in earthquake loss estimation. In Proceedings of the Second European Conference
on Earthquake Engineering, Istanbul.
Das, S., & Mukhopadhyay, P. (2018). Multi-hazard disaster resilient housing with bamboo-based system. Procedia Engineering, 212,
937–945.
De Graaf, R., Roeffen, B., Czapiewska, K. M., Dal Bo Zanon, B., Lindemans, W., Escarameia, M., et al. (2012). The effectiveness of flood
proofing vulnerable hotspots to improve urban flood resilience. In Comprehensive flood risk management (pp. 1351–1358). London, UK:
Taylor & Francis.
De Jalón, D. G. (2003). The Spanish experience in determining minimum flow regimes in regulated streams. Canadian Water Resources
Journal, 28(2), 185–198.

18 of 21

Earth’s Future

10.1029/2020EF001531

De Ruig, L. T., Barnard, P. L., Botzen, W. J. W., Grifman, P., Hart, J. F., de Moel, H., et al. (2019). An economic evaluation of adaptation
pathways in coastal mega cities: An illustration for Los Angeles. The Science of the Total Environment, 678, 647–659.
De Ruiter, M. C., Couasnon, A., van den Homberg, M. J. C., Daniell, J. E., Gill, J. C., & Ward, P. J. (2020). Why we can no longer ignore
consecutive disasters. Earth's Future, 8(3), e2019ef001425.
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(7), 1231–1251.
Delmonaco, G., Margottini, C., & Spizzichino, D. (2006). Report on new methodology for multi-risk assessment and the harmonization of
different natural risk maps. Rapport Final, 1–4.
Di Baldassarre, G., Kreibich, H., Vorogushyn, S., Aerts, J., Arnbjerg-Nielsen, K., Barendrecht, M., & Botzen, W. (2018). An interdisciplinary
research agenda to explore the unintended consequences of structural flood protection. Hydrology and Earth System Sciences, 22(11),
5629–5637.
Di Baldassarre, G., Montanari, A., Lins, H., Koutsoyiannis, D., Brandimarte, L., & Blöschl, G. (2010). Flood fatalities in Africa: From diagnosis to mitigation. Geophysical Research Letters, 37(22). https://doi.org/10.1029/2010GL045467
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.
Douglas, J. (2007). Physical vulnerability modeling in natural hazard risk assessment. Natural Hazards and Earth System Sciences, 7(2),
283–288.
Ellingwood, B. R. (2001). Acceptable risk bases for design of structures. Progress in Structural Engineering and Materials, 3(2), 170–179.
Englhardt, J., De Moel, H., Huyck, C. K., De Ruiter, M. C., Aerts, J. C. J. H., & Ward, P. J. (2019). Enhancement of large-scale flood risk
assessments using building-material-based vulnerability curves for an object-based approach in urban and rural areas. Hazards Earth
System Science, 19, 1703–1722.
Fatemi, M. N., Kita, M., Okyere, S. A., Shimoda, M., & Matsubara, S. (2020). A study on physical vulnerability and improvement actions
of residential buildings to urban flooding in the Eastern Dhaka, Bangladesh. Journal of Architecture and Planning, 85(772), 1229–1239.
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.
Fraser, S., Raby, A., Pomonis, A., Goda, K., Chian, S. C., Macabuag, J., et al. (2013). Tsunami damage to coastal defences and buildings in
the March 11th 2011 Mw 9.0 Great East Japan earthquake and tsunami. Bulletin of Earthquake Engineering, 11(1), 205–239.
Freeman, P. K., & Kunreuther, H. (2002). Environmental risk management for developing countries. The Geneva Papers on Risk and Insurance—Issues and Practice, 27(2), 196–214.
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.
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.
Ganesh Prasad, G., & Banerjee, S. (2013). The impact of flood-induced scour on seismic fragility characteristics of bridges. Journal of
Earthquake Engineering, 17(6), 803–828.
Gardoni, P., & LaFave, J. M. (2016). Multi-hazard approaches to civil infrastructure engineering: Mitigating risks and promoting resilence. In Multi-hazard approaches to civil infrastructure engineering (pp. 3–12). Cham, Switzerland: Springer. Retrieved from https://doi.
org/10.1007/978-3-319-29713-2_1
Gautam, D., & Dong, Y. (2018). Multi-hazard vulnerability of structures and lifelines due to the 2015 Gorkha earthquake and 2017 central
Nepal flash flood. Journal of Building Engineering, 17, 196–201.
Gill, J. C., & Malamud, B. D. (2014). Reviewing and visualizing the interactions of natural hazards. Reviews of Geophysics, 52, 680–722.
Godschalk, D. R. (2003). Urban hazard mitigation: Creating resilient cities. Natural Hazards Review, 4(3), 136–143.
Haldar, P., Singh, Y., Lang, D. H., & Paul, D. K. (2013). Comparison of seismic risk assessment based on macroseismic intensity and spectrum approaches using “SeisVARA”. Soil Dynamics and Earthquake Engineering, 48, 267–281.
Hallegatte, S., Rentschler, J., & Walsh, B. (2018). Building Back Better: Achieving resilience through stronger, faster, and more inclusive
post-disaster reconstruction. Washington, DC: World Bank. Retrieved from https://doi.org/10.1596/29867
Haziq, D., & Kiyotaka, M. (2017). Afghanistan building codes (ABC): Focused on comparative analysis and the viability of enforcement.
AEI 2017 (pp. 138–149).
Hochrainer-Stigler, S., Kunreuther, H., Linnerooth-Bayer, J., Mechler, R., Michel-Kerjan, E., Muir-Wood, R., & Young, M. (2010). The costs
and benefits of reducing risk from natural hazards to residential structures in developing countries. Citeseer.
Hochrainer-Stigler, S., Linnerooth-Bayer, J., & Mochizuki, J. (2019). Flood proofing low-income houses in India: An application of climate-sensitive probabilistic benefit-cost analysis. Economics of Disasters and Climate Change, 3(1), 23–38.
Holliday, L., & Kang, T. (2012). Earthquake performance of non-engineered construction in Nicaragua. Proceedings of the 15th World Conference on Earthquake Engineering, (Vol. 1, pp. 772–781). Redhook, NY: Curran Associates Inc. ISBN: 978-1-63439-651-6. Retrieved from
http://www.iitk.ac.in/nicee/wcee/article/WCEE2012_0166.pdf
Holliday, L., Ramseyer, C., Reyes, M., & Butko, D. (2016). Building with compressed Earth block within the building code. Journal of
Architectural Engineering, 22(3), 04016007.
Hughes, R. (1982). The effects of flooding upon buildings in developing countries. Disasters, 6(3), 183–194.
Huizinga, J., De Moel, H., & Szewczyk, W. (2017). Global flood depth-damage functions: Methodology and the database with guidelines
(No. JRC105688). Joint Research Centre (Seville site). Retrieved from https://doi.org/10.2760/16510
Jabeen, H., Johnson, C., & Allen, A. (2010). Built-in resilience: Learning from grassroots coping strategies for climate variability. Environment and Urbanization, 22(2), 415–431.
Jaiswal, K. S., & Wald, D. J. (2008). Analysis of collapse fragilities of global construction types obtained during WHE-PAGER phase I
survey. Internal report. Pager.
Jokar Arsanjani, J., Tayyebi, A., & Vaz, E. (2016). GlobeLand30 as an alternative fine-scale global land cover map: Challenges, possibilities,
and implications for developing countries. Habitat International, 55, 25–31.
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.
Kennedy, J., Ashmore, J., Babister, E., & Kelman, I. (2008). The meaning of ‘build back better’: Evidence from post-tsunami Aceh and Sri
Lanka. Journal of Contingencies and Crisis Management, 16(1), 24–36.
Kenny, C. (2012). Disaster risk reduction in developing countries: Costs, benefits and institutions. Disasters, 36(4), 559–588.

DE RUITER ET AL.

19 of 21

Earth’s Future

10.1029/2020EF001531

Klotz, M., Kemper, T., Geiß, C., Esch, T., & Taubenböck, H. (2016). How good is the map? A multi-scale cross-comparison framework for
global settlement layers: Evidence from central Europe. Remote Sensing of Environment, 178, 191–212.
Kreibich, H., Bubeck, P., Van Vliet, M., & De Moel, H. (2015). A review of damage-reducing measures to manage fluvial flood risks in a
changing climate. Mitigation and Adaptation Strategies for Global Change, 20(6), 967–989.
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.
Lee, Y., & Brody, S. D. (2018). Examining the impact of land use on flood losses in Seoul, Korea. Land Use Policy, 70, 500–509.
Lewis, J. (2011). Corruption: The hidden perpetrator of under-development and vulnerability to natural hazards and disasters: the Pat Reid
lecture 2010. Jàmbá: Journal of Disaster Risk Studies, 3(2), 464–475.
Li, Y. (2010). Assessment of damage risks to residential buildings and cost–benefit of mitigation strategies considering hurricane and
earthquake hazards. Journal of Performance of Constructed Facilities, 26(1), 7–16.
Li, Y., Ahuja, A., & Padgett, J. E. (2012). Review of methods to assess, design for, and mitigate multiple hazards. Journal of Performance of
Constructed Facilities, 26(1), 104–117.
Lister, S., & Karaev, Z. (2004). Understanding markets in Afghanistan: A case study of the market in construction materials. AREU Case
Study. Kabul, Afghanistan: AREU. Available at http://www.areu.org.af
Löwe, R., Urich, C., Sto Domingo, N., Mark, O., Deletic, A., & Arnbjerg-Nielsen, K. (2017). Assessment of urban pluvial flood risk and
efficiency of adaptation options through simulations—A new generation of urban planning tools. Journal of Hydrology, 550, 355–367.
Lyons, M. (2009). Building Back Better: The large-scale impact of small-scale approaches to reconstruction. World Development, 37(2),
385–398.
Maheri, M. R., Naeim, F., & Mehrain, M. (2005). Performance of adobe residential buildings in the 2003 Bam, Iran, earthquake. Earthquake
Spectra. Retrieved from https://doi.org/10.1193/1.2098861
Mahmoud, H., & Chulahwat, A. (2016). Multi-hazard multi-objective optimization of building systems with isolated floors under seismic
and wind demands. In Multi-hazard approaches to civil infrastructure engineering (pp. 141–164). Cham, Switzerland: Springer. Retrieved
from https://doi.org/10.1007/978-3-319-29713-2_8
Manafpour, A. R. (2008). Bam earthquake, Iran: Lessons on the seismic behavior of building structures. 14th World Conference on Earthquake Engineering, 8.
Mannakkara, S., & Wilkinson, S. (2014). Re-conceptualizing “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
Maqsood, S. T., & Schwarz, J. (2008). Sesimic vulnerability of existing building stock in Pakistan. 14th World Conference on Earthquake
Engineering, 1–8.
Marasco, S., Zamani Noori, A., & Cimellaro, G. P. (2017). Cascading hazard analysis of a hospital building. Journal of Structural Engineering, 143(9), 04017100.
Mardfekri, M., & Gardoni, P. (2015). Multi-hazard reliability assessment of offshore wind turbines. Wind Energy, 18(8), 1433–1450.
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. Retrieved from https://doi.org/10.1007/s11069-012-0092-x
McEntire, D. A. (2005). Why vulnerability matters: Exploring the merit of an inclusive disaster reduction concept. Disaster Prevention and
Management, 14(2), 206–222.
Mebarki, A., Valencia, N., Salagnac, J. L., & Barroca, B. (2012). Flood hazards and masonry constructions: A probabilistic framework for
damage, risk and resilience at urban scale. Hazards Earth System Science, 12, 1799–1809.
Moftakhari, H., & AghaKouchak, A. (2019). Increasing exposure of energy infrastructure to compound hazards: Cascading wildfires and
extreme rainfall. Environmental Research Letters. Retrieved from https://doi.org/10.1088/1748-9326/ab41a6
Mosqueda, G., Porter, K. A., O'Connor, J., & McAnany, P. (2007). Damage to engineered buildings and bridges in the wake of hurricane
Katrina. Forensic Engineering, 1–11. Retrieved from https://doi.org/10.1061/40943(250)4
Mousavi, M., Hesari, M., & Azarbakht, A. (2014). Seismic risk assessment of the 3rd Azerbaijan gas pipeline in Iran. Natural Hazards,
74(3), 1327–1348.
Mück, M., Taubenböck, H., Post, J., Wegscheider, S., Strunz, G., Sumaryono, S., & Ismail, F. A. (2013). Assessing building vulnerability to
earthquake and tsunami hazard using remotely sensed data. Natural Hazards, 68(1), 97–114.
Murnane, R. J., Daniell, J. E., Schäfer, A. M., Ward, P. J., Winsemius, H. C., Simpson, A., et al. (2017). Future scenarios for earthquake and
flood risk in eastern Europe and central Asia. Earth's Future, 5(7), 693–714.
Murty, C. V. R. (2005). Learning earthquake design and construction 21. Why are open-ground storey buildings vulnerable in earthquakes?.
Resonance, 10(10), 84–87.
Murty, C. V. R., Brzev, S., Faison, H., Comartin, C. D., & Irfanoglu, A. (2006). At risk: The seismic performance of reinforced concrete frame
buildings with masonry infill walls (1st Edition), Earthquake Engineering Research Institute. Publication Number WHE-2006-03, 70.
Nassirpour, A., Galasso, C., & D'ayala, D. (2018). Multi-hazard physical vulnerability prioritization of school infrastructure in the Philippines.
25–29. Los Angeles, CA, USA: 1th US National Conference on Earthquake Engineering (11NCEE).
Ordaz, M., Martinelli, F., D'Amico, V., & Meletti, C. (2013). CRISIS2008: A flexible tool to perform probabilistic seismic hazard assessment.
Seismological Research Letters, 84(3), 495–504.
Peduzzi, P. (2019). The disaster risk, global change, and sustainability nexus. Sustainability, 11(4), 957.
Peduzzi, P., Dao, H., Herold, C., & Mouton, F. (2009). Assessing global exposure and vulnerability toward natural hazards: The disaster risk
index. Hazards Earth System Science. Retrieved from www.nat-hazards-earth-syst-sci.net/9/1149/2009/
Peek, L., Ryder, S. S., Moresco, J., & Tucker, B. (2016). Disaster risk reduction strategies in earthquake-prone cities. In Multi-hazard approaches to civil infrastructure engineering (pp. 507–532). Cham, Switzerland: Springer. Retrieved from https://doi.
org/10.1007/978-3-319-29713-2_23
Rahman, A., & Shaw, R. (2015). Floods in the Hindu Kush region: Causes and socio-economic aspects. In H. Nibanupudi & R. Shaw (Eds.)
Mountain Hazards and Disaster Risk Reduction. Disaster Risk Reduction (Methods, Approaches and Practices) (PP. 33–52). Tokyo: Springer. Retrieved from https://doi.org/10.1007/978-4-431-55242-0_3
Ranghieri, F., Fallesen, D. M. G., Jongman, B., Balog-Way, S. A. B., Mashahid, S. S., Siercke, G. A., & Simpson, A. L. (2017). Disaster risk
profile: Afghanistan. Washington, DC: World Bank Group.
Reed, D. A., Friedland, C. J., Wang, S., & Massarra, C. C. (2016). Multi-hazard system-level logit fragility functions. Engineering Structures,
122, 14–23.
Saatcioglu, M., Ghobarah, A., & Nistor, I. (2006). Performance of structures in Indonesia during the December 2004 great Sumatra earthquake and Indian Ocean tsunami. Earthquake Spectra, 22(S3), 295–319.

DE RUITER ET AL.

20 of 21

Earth’s Future

10.1029/2020EF001531

Sakijege, T., Sartohadi, J., Marfai, M. A., Kassenga, G. R., & Kasala, S. E. (2014). Assessment of adaptation strategies to flooding: A comparative study between informal settlements of Keko Machungwa in Dar es Salaam, Tanzania and Sangkrah in Surakarta, Indonesia.
Jàmbá: Journal of Disaster Risk Studies, 6(1), 1–10.
San Bartolomé, A., Quiun, D., Cabrera, D., Huaynate, W., Romero, I., & Pereyra, J. (2013). Experimental study on adobe walls with long term
water exposure due to floods Proceedings of the 12th Canadian Masonry Symposium, Vancouver, BC, Canada.
Scolobig, A., Komendantova, N., & Mignan, A. (2017). Mainstreaming multi-risk approaches into policy. Geosciences. Retrieved from
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(5), 1049–1061.
Shah, A., Khan, H. M., & Qazi, E. U. (2013). Damage assessment of flood affected mud houses in Pakistan. Journal of Himalayan Earth
Sciences, 46(1), 99–110.
Sharma, V., Marwaha, B. M., & Vinayak, H. K. (2016). Enhancing durability of adobe by natural reinforcement for propagating sustainable
mud housing. International Journal of Sustainable Built Environment, 5(1), 141–155.
Shreve, C. M., & Kelman, I. (2014). Does mitigation save? Reviewing cost-benefit analyses of disaster risk reduction. International Journal
of Disaster Risk Reduction, 10, 213–235.
Siddique, M. S., & Schwarz, J. (2012). Multi-hazard approach to assess vulnerability of the building stock in Pakistan. 15 Wcee Lisboa 2012,
1–10. Retrieved from http://www.iitk.ac.in/nicee/wcee/article/WCEE2012_1152.pdf
Silva, V., Henshaw, P., Huyck, C., & O' Hara, M. (2018). GED4ALL global exposure database for multi-hazard risk analysis D5-FINAL
REPORT. Retrieved from https://www.gfdrr.org/sites/default/files/publication/Exposuredataschema_finalreport.pdf
Spence, R. J. S., Coburn, A. W., Pomonis, A., & Sakai, S. (1992). Correlation of ground motion with building damage: The definition of a
new damage-based seismic intensity scale. Proceedings of the Tenth World Conference on Earthquake Engineering, 1, 551–556.
Spence, R., So, E., Jenny, S., Castella, H., Ewald, M., & Booth, E. (2008). The global earthquake vulnerability estimation system (GEVES):
An approach for earthquake risk assessment for insurance applications. Bulletin of Earthquake Engineering, 6(3), 463–483.
Szabo, A., & Barfield, T. J. (1991). Afghanistan: An atlas of indigenous domestic architecture, Austin, Texas: Thomas Barfield.
Tilloy, A., Malamud, B. D., Winter, H., & Joly-Laugel, A. (2019). A review of quantification methodologies for multi-hazard interrelationships. Earth-Science Reviews, 196, 102881.
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
UNDRR (2020). Hazard Definition & classification review. Retrieved from https://www.undrr.org/publication/
hazard-definition-and-classification-review
United Nations Environment Programme (1992). Agenda 21. Tech. Rep. Retrieved from https://www.un.org/esa/dsd/agenda21/res_agenda21_07.shtml
Wang, Y., & Rosowsky, D. V. (2016). Joint earthquake–snow hazard characterization and fragility analysis of wood-frame structures. Journal of Structural Engineering, 142(10), 4016081.
Wang, C., Sarhosis, V., & Nikitas, N. (2018). Strengthening/retrofitting techniques on unreinforced masonry structure/element subjected
to seismic loads: A literature review. The Open Construction & Building Technology Journal, 12(1), 251–268.
Ward, P. J., Jongman, B., Salamon, P., Simpson, A., Bates, P., De Groeve, T., et al. (2015). Usefulness and limitations of global flood risk
models. Nature Climate Change, 5, 712–715.
Ward, P. J., Jongman, B., Weiland, F. S., Bouwman, A., van Beek, R., Bierkens, M. F. P., et al. (2013). Assessing flood risk at the global scale:
Model setup, results, and sensitivity. Environmental Research Letters, 8(4), 44019.
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.
Winsemius, H. C., Aerts, J. C. J. H., van Beek, L. P. H., Bierkens, M. F. P., Bouwman, A., Jongman, B., et al. (2016). Global drivers of future
river flood risk. Nature Climate Change, 6(4), 381–385.
Winsemius, H. C., Jongman, B., Veldkamp, T. I. E., Hallegatte, S., Bangalore, M., & Ward, P. J. (2018). Disaster risk, climate change, and
poverty: Assessing the global exposure of poor people to floods and droughts. Environment and Development Economics, 23(3), 328–348.
Wisner, B., Blaikie, P. M., Blaikie, P., Cannon, T., & Davis, I. (2004). At risk: Natural hazards, people's vulnerability and disasters. London,
UK: Routledge.
Wisner, B., Gaillard, J.-C., & Kelman, I. (2012). Handbook of hazards and disaster risk reduction, Abingdon, UK: Routledge.
Wood, N. J., & Good, J. W. (2004). Vulnerability of port and harbor communities to earthquake and tsunami hazards: The use of GIS in
community hazard planning. Coastal Management, 32(3), 243–269.
World Bank (2018). Afghanistan—Multi-hazard risk assessment. Retrieved from https://www.gfdrr.org/sites/default/files/publication/
Afghanistan_MHRA.pdf
Zaghi, A. E., Padgett, J. E., Bruneau, M., Barbato, M., Li, Y., Mitrani-Reiser, J., & McBride, A. (2016). Establishing common nomenclature,
characterizing the problem, and identifying future opportunities in multihazard design. Journal of Structural Engineering, 142(12).
Zorn, M. (2018). Natural disasters and less developed countries. In S. Pelc, & M. Koderman (Eds.), Nature, tourism and ethnicity as drivers
of (de)marginalization: Insights to marginality from perspective of sustainability and development (pp. 59–78). Retrieved from https://doi.
org/10.1007/978-3-319-59002-8_4

DE RUITER ET AL.

21 of 21

