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SCIENTIFIC ABSTRACT
Communities around the world are encountering unprecedented rates of change
due to population growth, land use change, development, and increased social
vulnerability to natural hazards. Understanding how physical processes and human
vulnerability to natural hazards interact is a primary objective of researchers, policy
makers, and disaster risk reduction practitioners in order to combat increases in natural
hazard frequency and intensity.
Nepal, a landlocked mountainous country spanning the central Himalayan region,
has about 28 million inhabitants in 147,181 square kilometers. Nepal is exposed to a
multitude of natural hazards, requiring individuals and communities to interact with and
make decisions on risk acceptability on a day-to-day basis. In many cases, Nepal’s
geographic location, available resources (human, economic, and capital), and limited
government capacity coalesce to turn natural hazards into disasters, resulting damaged
infrastructure, economic disruptions, and death.
This dissertation evaluates the geographic distribution of natural hazard mortality,
quantifies social vulnerability to natural hazards, and models multi-hazard risk in the data
deficient environment of Nepal. Chapter 1 conceptualizes relevant terms such as natural
hazards, disaster, vulnerability, and risk before discussing the challenges associated with
multi-hazard risk assessment in Nepal. Chapter 2 evaluates the spatial and temporal
distribution of natural hazard mortalities at the village level using a publicly available
disaster database. Results reveal that landslides were the deadliest disasters between
1971-2011. Chapter 3 identifies major social factors and processes that contribute to the
vulnerability of individuals and communities using census data. Adapting the Social
Vulnerability Index (SoVI) method developed for the US context, this chapter
investigates the spatial distribution and clustering of various social vulnerabilities across
the country. ‘Renter and Occupation’, ‘Poverty and Poor Infrastructure’, and ‘Favorable
Social Conditions’ are three major components that influence social vulnerability in
Nepal. Results indicate an interesting regional difference: the eastern and central Tarai
are more vulnerable than western Tarai, whereas the eastern Hills and Mountains are less
vulnerable than western Hills and Mountains. In Chapter 4, a model of risk from multiple
natural hazards in the city of Dharan, Nepal, is presented. Freely available geospatial data
in combination with socio-economic data collected from local government and secondary
sources are used. Multi-hazard risk assessment is data intensive and requires considerable
financial and human resources, which are lacking in Nepal. Results show that geospatial
modeling techniques can be used to fill the gap and assist local officers and emergency
managers in risk management.
Cumulatively, this work offers new insights on natural hazards, vulnerability, risk,
the use of geospatial technologies, and their inter-relationships. Research findings
advance scholarly understandings of multi-hazard risk in general and particularly in the
Nepali context. Additionally, this work is valuable to disaster practitioners who seek to
implement more effective disaster risk reduction programs and policies.

Assessing vulnerability and multi-hazard risk in the Nepal Himalaya

GENERAL AUDIENCE ABSTRACT
Natural hazards are earth system processes that pose threats to people and have the
capacity to disrupt social and ecological processes. Thus, a consideration of both physical
and social dimensions is required to better understand natural hazards. This research
evaluates social factors and processes that have significant roles in enhancing the
vulnerability of individuals and communities. First, this dissertation explores spatial and
temporal patterns of natural hazard fatalities at the village level in Nepal. Research
findings identified that landslides were the highest contributor to natural hazard fatalities
from 1971-2011. Second, this dissertation assesses which social factors and processes
contribute most to social vulnerability in Nepal. Additionally, the spatial distribution and
clustering of social vulnerability is explored. Finally, geospatial modeling was performed
to analyze cumulative risk to floods, landslides, and earthquakes in the municipality of
Dharan, Nepal.
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Chapter 1. Introduction, literature review, and statement of purpose
1.1 Background
Communities around the world are encountering unprecedented rates of change, due to
population growth, urbanization, environmental degradation, and elevated social vulnerability to
natural hazards (Gencer 2013). The impact of such changes differs across space, and
communities and individuals are increasingly exposed to more risk. As frequency and intensity
of natural hazards have been increasing in recent decades, understanding physical processes and
human vulnerability have been of one of the important priorities in today’s world. Because of
ever-increasing human development especially in sensitive locations such as mountains, the
potential loss of human lives and/or economic damages are growing (Shaw and Nibanupudi
2015). Communities are constantly exposed to natural hazards, and are vulnerable to disasters.
The exploration of fundamental causes of what makes them vulnerable may assist in better
preparation, reduce losses during events, and allow quicker recovery after a disaster happens.
Human-environment interaction is a primary focus of research in disaster risk reduction
(Alexander 2000, Cutter 1996, Hewitt 1997, Oliver-Smith 1996, Smith and Petley 2009, Wisner
et al. 2004). Within this framework, the environment is considered the agent of disaster while
development patterns serve to exacerbate risk and vulnerability. Given the intricacies of factors,
processes and feedbacks in a coupled human-environment system, a complete vulnerability
assessment is a gigantic task. The difficulties of the task are intensified by many factors such as
impact of global processes onto the small-scale systems and local communities, the
nonsynchronous character of physical and social processes, and/or incongruous goals of the
various stakeholders of the system (Turner et al. 2003).
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Research indicates that social processes produce disproportionate exposure to risk
making some communities and individuals more susceptible to disasters than others (Cutter,
Boruff, and Shirley 2003, Wisner et al. 2004). However, vulnerability is not just a characteristic
of a particular community but rather a deeply embedded product of complex interaction of social
processes. Numerous vulnerability assessments are conducted to understand this complexity
mostly based on various sets of indicators. As measuring social vulnerability has capacity to
determine populations at risk before, during and after a disaster, it has been widely adopted to
inform public policy and allocate scarce resources.

1.2 Literature review
1.2.1 Key definitions
The literature often synonymously uses the terms ‘disaster’ and ‘natural disaster,’ and the
terms ‘hazard’ and ‘disaster’ are also used interchangeably. In a broader sense, they can be
divided into two categories: natural and man-made. Natural hazards occur naturally as a function
of physical processes and can further categorized as geophysical (earthquakes, landslides,
tsunamis, and volcanic activity); hydro-meteorological (floods, drought, cyclones, blizzards,
windstorms); or biological (epidemics). Man-made hazards, also called technological hazards,
occur as a result of human failures and human behavior (conflicts, famine, industrial accidents,
transportation accidents). The literature on hazard and disasters spans a wide range of work.
This particular study seeks to investigate hazards of natural origin, such as earthquakes, floods,
and landslides, in the mountainous and underdeveloped country of Nepal.
In order to understand the dynamic and intricate relationship between society and natural
hazards, it is essential to discern some essential concepts: hazard, disaster, vulnerability, risk,
2

capacity, resilience, and disaster cycle. Each concept has its own place in the literature (e.g.
hazard and risk geography, disaster sociology, public health, environmental justice, and
emergency medicine), and given the breadth of the literature there is no single perspective or
conceptualization that is all encompassing.

Natural Hazards
A natural hazard is an agent that has the potential to cause a disaster (Cuny 1994). The
term “natural” differentiates such phenomena from social hazards such as terrorist incidents and
from technological hazards such as structural collapses, severe contamination, and release of
toxic materials. Tobin and Montz (1997, 5) explained that a natural hazard “represents the
potential interaction between humans and extreme natural events”. Because of human activities,
the hazard exists, and humans are constantly exposed to them.

Disaster
Disasters are unusual large-scale events that destroy the capacity of an individual and/or a
community to respond and recover from that event. According to Alexander (2000, 21), “in
social terms, a disaster is a non-routine event but a routine social problem, because disasters are
recurrent and because they can at least be anticipated, even if they cannot be predicted”. As the
manifestation of disaster is primarily underlying in society rather than in nature, the theory of
vulnerability – “the concept in which aspects of society may either reduce or exacerbate the
impact of a hazard” (Oliver-Smith 1996) would be a useful concept to study them.

3

Vulnerability
The concept of vulnerability is widely used in many diverse research and policy
communities. In early days, vulnerability was associated with physical fragility for instance, how
a building will perform against an earthquake (Birkmann, 2007). Today, it represents
susceptibility of an individual or community to the impacts of hazards. It is defined as “the
characteristics of a person or group and their situation that influence their capacity to anticipate,
cope with, resist and recover from the impacts of a natural hazards” (Wisner et al. 2004, 11). In
this study, the operational definition of vulnerability is conceptualized based on the United
Nations International Strategy for Disaster Reduction (UNISDR) as “the characteristics and
circumstances of a community, system or asset that make it susceptible to the damaging effects
of a hazard” (UNISDR 2009).

Risk
Risk is defined as “the combination of the probability of an event and its negative
consequences” (UNISDR, 2009). The elements at risk primarily consist of individuals and
communities, infrastructures, natural environment, and economic activities and services, which
are under the threat of disaster in a given area (Alexander 2000). It can simply be expressed in a
“pseudo-equation”: Risk (R) = Hazard (H) x Vulnerability (V) (Wisner et al. 2004).

Capacity
Capacity is “resources, means and strengths that exist in communities, properties, and
households and which enable them to cope with, withstand, prepare for, prevent, mitigate or
quickly recover from a disaster” (Khan, Vasilescu, and Khan 2008). The term resembles with
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other commonly used term such as adaptive capacity, adaptability, coping ability, and resilience
(Smit and Wandel 2006).

Resilience
Disaster resilience is defined as the “ability of a social system to absorb, respond, and
recover from the disaster and re-organize into a fully functioning system” (Cutter et al. 2008,
Adger et al. 2005). Often, disaster resilience and vulnerability are understood as opposing
concepts. In this case, vulnerability is defined as an exposure to the risk and resilience as
resistance to change which could lead to risky interpretation lending to “circular reasoning: a
system is vulnerable because it is not resilient; it is not resilient because it is vulnerable” (Klein,
Nicholls, and Thomalla 2003).
In hazard research, the concept of resilience is broadly defined in two ways: as a process
or as an outcome. In general, the capacity of a community to bounce back to original state is
considered an outcome related resilience. While a community learns from the disasters and
bounces back to better state making better decisions to increase the capacity to deal hazards, is
considered processed to an outcome (Cutter et al. 2008). One of the major pitfalls of considering
disaster resilience as an outcome is that resources are invested on the same practices which might
have led to that particular event. Hence, defining whether resilience is a process or an outcome is
a crucial step in disaster risk reduction.

Disaster cycle
Disaster risk reduction comprises of all programs and efforts that can be undertaken
before, during, and after a disaster with the purpose to avert a disaster, lessen its impact, and/or
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recover from its losses (Khan, Vasilescu, and Khan 2008). The process is often interpreted as an
integrated planning cycle consisting of four main phases: Mitigation, Preparedness, Response,
and Recovery (Fig. 1). The cycle depicts the continuous process that can be planned to reduce
the impacts of disasters and steps to recover when a disaster event happens. Often, disasters are
viewed in isolation and treated as a single event. In fact, each society is at different stages of the
disaster management cycle. Thus, disasters should be viewed as a continuous process overlaid on
social systems that are in perpetual process of recovering from the last disaster and anticipating
the next disaster.

Figure 1: The disaster cycle
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1.2.2 Key concepts in vulnerability research
The concept of vulnerability was evolved as a response to the dominance of hazardoriented perception of disaster risk in early 1970s (Birkmann 2006). The definition of
vulnerability varied across disciplines and thus has no universal definition. In the literature,
vulnerability is commonly referred as a characteristic of an individual or a community to
respond, recover from, cope with, and to anticipate the impact of a hazard event. It is generally
viewed as an innate characteristic of a society or system.
The vulnerability research has been guided by various school of thinking. Researchers
have illustrated it based on different categories. Hufschmidt (2011) summarized that the
vulnerability research can be divided into two research areas: the “human ecologist school” or
“behavioral paradigm”, and “structural paradigm” (Hufschmidt 2011). The author explains that
‘human ecologist school’ is based on seminal work of Gilbert White and viewed as human
adjustment to natural hazards whereas structural paradigm focuses on the barriers that restrict
access to resources. Fussel (2007) emphasized that three approaches are predominantly used in
vulnerability studies: Risk-hazard (Burton, Kates, and White 1978, Downing et al. 1999, Hewitt
1997), political economy (Adger 1999), and integrated approach (Cutter 1996, Cutter, Mitchel,
and Scott 2000, Turner et al. 2003). Risk-hazard approach assumes that hazards are rare and
stationary while political economy approach focuses the analysis of people, who is vulnerable
and why. Integrated approach defines vulnerability as the combination of ‘internal’ factors with
its exposure to ‘external’ hazards. The most notable models are the hazard-of-place (Cutter 1996)
and coupled vulnerability framework model (Turner et al. 2003).
Based on different disciplinary paradigms assessment of vulnerability is designed and
implemented to enhance the understanding of vulnerability in disaster risk. Qualitative
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frameworks as well as quantitative indices methods are widely used to measure them. In overall,
the concept has been continuously widened and broadened towards a more comprehensive
approach encompassing different thematic areas such as physical, social, economic,
environmental, and institutional vulnerability as well as various concepts such as susceptibility,
exposure, coping capacity, and adaptive capacity are included. However, the challenges remain
on how to integrate various components such as exposure, coping capacity, and adaptive as well
as the different methods used within different disciplines. Another major challenge is how to
represent ever changing interaction between individual and/or groups with physical systems.

1.2.3 Use of geospatial technologies to evaluate natural hazards, risk and vulnerability
The use of geospatial technology such as geographic information system (GIS), remote
sensing (RS), and geographic positioning systems (GPS) in disaster risk reduction activities has
been very promising for disaster researchers, emergency managers, planners, and decision
makers. Geospatial science or Geographic Information Science (GISc) attempts to understand
space-time complexities, with a focus on geographic representation, spatial analysis and
modeling, and the communication of these complexities (Bishop and Shroder 2004). It
emphasizes spatial concepts, knowledge, and empirical research versus the notion of creating
software tools for mapping and using GIS to solve environmental problems.
Disaster management constitutes three distinct phases: pre-disaster phase, disaster phase,
and post-disaster phase. In the pre-disaster phase, activities are mainly focused on prevention,
mitigation, and preparedness, while during disaster phase it is focused on response work.
Recovery, reconstruction, and rehabilitation are focused in the post-disaster phase. Geospatial
technologies are used in all phases of disaster management cycle in a wide range of applications,
8

for instance, hazard and risk assessment, vulnerability assessment, damage assessment, resource
mobilization and so forth (Herold and Sawada 2012). Geospatial analysis is primarily based on
spatial data, hardware and software, and trained personnel. The availability of spatial data, a
major component of geospatial analysis, varies from developed to developing countries. Use of
geospatial technologies in developing countries is hampered by a lack of financial resources, lack
of local human/technical resources, lack of spatial data, and institutional/political instability
(Herold and Sawada 2012). However, due to the advancement of internet technologies and
capacities, data, such as administrative boundaries, roads, hydrology, cover, and digital elevation
models are now freely available and downloadable. The use of these data has empowered
decision making within the field of disaster management. In general, the success and
effectiveness of disaster management programs largely depend on the availability of spatial data,
its effective use, and dissemination. In addition, scale of the data can also limit the usefulness of
the spatial data. Nonetheless, together with GPS, remote sensing, and GIS are a proven tool in
understanding the processes at varied spatial and temporal scales as well as in execution of
disaster risk reduction activities (Campbell and Resler 2015).
A GIS is a key component of any comprehensive and effective disaster risk reduction
programs and policies. It is used to collect, map, analyze, integrate, and display the spatial data
mostly from earth observation. In the pre-disaster phase, a GIS provides very significant
information to assist disaster preparedness activities such as delineation of risk areas,
identification of vulnerable populations, analysis of multiple potential scenarios, preparation of
inventory of essential supplies, and assessment of critical infrastructure, evacuation routes, and
drop off points. For example, by combination of remote sensing and GIS data, Dewan et al.
(2007) assessed the flood hazard risk of Dhaka, Bangladesh. Cutter, Mitchell, and Scott (2000)
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employed GIS to present a county level ‘hazard-of-place’ map to assess hazard vulnerability in
spatial terms and exhibited how useful a GIS can be to study social and biophysical components
together that influence vulnerability. Prior information and/or knowledge about magnitude,
location, and time related to any disaster event is crucial for emergency managers and disaster
practitioner. Such knowledge will enable them to identify most affected areas and population so
that they can distribute resources efficiently and reduce the impacts of that particular event.
When a disaster strikes, local officers, emergency responders, disaster management
workers, volunteers, and others involved in the search, rescue, and relief activities require near
real-time and updated information. Such information includes: location of potential victims;
nearest hospital and airports; closest evacuation and drop off points; stockpiles of water, food,
blankets, and medical supplies; extent of damages to buildings, roads, and other critical
infrastructures. GIS, in conjunction with satellite images, can provide useful information to assist
response efforts. For example, De La Ville, Diaz, and Ramirez (2002) used GIS and IKONOS
panchromatic images to analyze the contributing factors for various types of mass movements
which included collection and mapping of various factors such as land cover, geology, slope, and
the distribution of deposition zones. However, use of GIS in post-disaster situations is more
challenging than pre-disaster because of crucial time factors (Goodchild 2006).
A broad suite of remotely sensed image products (high-resolution topography data,
passive, and active microwave ranging) is available to aid in disaster management and
mitigation. The use of these data has transformed the disaster risk reduction activities in the last
decade (Tralli et al. 2005) particularly in mountain environments by increasing our ability to
analyze locations that are difficult to access and lack detailed topographic data (Campbell and
Resler 2015). Hundreds of satellites with multiple sensors are revolving in the earth’s orbit to
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provide near real time data to emergency managers and decision makers (Gillespie et al. 2007).
Such earth observation processes provide details of geology, land use, and morphology including
infrastructure and population density to help determine the process of disaster and its impact
(CEOS 2003). For example, Enhanced Thematic Mapper (ETM) data of Landsat satellites have
been used to prepare landslide inventory, detect changes, extract land use land cover information,
and the geomorphology of slopes. Many researchers have used various types of remote sensing
data for flood hazard risk assessment (Herold and Sawada 2012).
Despite its many benefits, some limitations and potential obstacles exist in the usage of
remotely sensed data for disaster risk reduction and management. The most common challenges
are spatial and temporal resolution of these data. The most significant challenge especially in the
developing world is absence of high resolution images. In many parts of the world, only 30 m
resolution ASTER and Landsat imagery are freely available. Low pixel resolution of satellite
data pose constraints while preparing a fundamental spatial database for further analysis.
Temporal resolution also known as repeat frequency is very significant in post-disaster situation.
Many satellite revisit times are too long to assess the damage extent through pre- and postprocessing of images. Thus, sometimes for immediate response activities, use of remote sensing
products become obsolete (Cutter, Mitchell, and Scott 2000). Additionally, night vs daytime
needs for optimal image acquisition, and cloud coverage augment these challenges for the
immediate use in post-disaster situation (Coppock 1995).
In the context of mountain hazards, the use of geospatial technologies is limited by
complex terrain and environmental factors such as atmosphere and land cover, which control
irradiant and radiant flux (Campbell and Resler 2015, Fischer et al. 2011). Further, model
calibration and verification are limited by mountainous terrain and remote locations that preclude
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or complicate accessibility of field verification data (Gritzner et al. 2001). Limitations arising
from geospatial technologies take the form of inappropriate data models and data structures, 3-D
representation and analysis, and uncertainties regarding how to address, most effectively, the
issues of spatial scale and time in geomorphic processes. Limitations in our ability to calibrate
and verify model predictions arise from the quality of the basic input data such as spatial and
temporal resolution, accuracy, and the precision of data on soil, precipitation, and other
biophysical variables along with a thorough understanding of the physical processes involved.

1.2.4 Challenges in multi-hazard risk analysis
Conventional risk assessment methods deal with each type of hazard separately. In
general, the total risk is considered as the sum of all the individual risks. The interplay among the
multiple hazards and the influence of one hazard on the vulnerabilities to other hazards are often
not considered, which may lead to misjudgment of the risk profile and an inaccurate overall
human risk. Although, hazard and risk assessment has grown as a discipline, multi hazard risk
analysis is in its infancy.
Research has highlighted different problems while assessing the impacts of multiple
hazards (Greiving, Fleischhauer, and Lückenkötter 2006, Hernandez 2014, Kappes 2011, Tate,
Cutter, and Berry 2010). Because of different underlying assumptions to understand each hazard
process, modeling principles, and uncertainties, it is hard to generalize and compare different
hazards. The requirement of large amounts of data is another constraint limiting multi hazard
research. In addition, scale of analysis is another important issue. Usually, scale is determined by
stakeholders and the spatial extent of the area under consideration differs with the level of details
at which researcher have to provide results (Kappes 2011). In most cases, the boundaries of
12

hazard zones are not congruent with administrative borders and/or do not overlap with
institutions, which are created to manage risks.
Greiving, Fleischhauer, and Lückenkötter (2006) highlights the problem of data quality
as, for some hazards, detailed loss data can be found while for other hazards only few qualitative
historic records are available. Subsequently, potential for comparisons among hazards is greatly
reduced, however, a geospatial based integrated methodology can address such problem. For
example, Tate, Cutter, and Berry (2010) developed a GIS based integrated multi hazard
methodology based on publicly available data to help local decision makers and emergency
managers. Authors first developed three different outputs from frequency mapping, losses
mapping and social vulnerability mapping, and then integrated to get multi-hazard vulnerability
map.

1.2.5 Natural hazards in Nepal
Nepal is located in the central Himalayan region and is characterized by complex, fragile
geophysical features and rugged topography with high relief ranging from less than 100 meters
to over 8,000 meters above mean sea level. Steep, unstable slopes and active geological
formations of a young mountain range along with heavy monsoon rainfall render Nepal one of
the most hazardous areas in the world.
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Figure 2: Physical map of Nepal

Figure 3: Administrative map of Nepal (numbers 1-7 are the newly created
provinces that have yet to be named by the government)
14

Floods
In Nepal, there are about 6,000 streams, totaling, in length, about 45,000 km (Ministry of
Home Affairs (MoHA) 2009). Collectively, these river systems sustain drinking water,
agriculture, hydropower, recreation, and other livelihood options. However, they also create
troubles in the country through flooding. According to Shanker (1985), the river drainage density
is 0.3 km/km2, which reveals the compactness of drainage channels and susceptibility to floods.
Floods are responsible for damage to agricultural products, built infrastructure, human lives, and
often result in waterborne diseases such as cholera, dysentery, and typhoid fever.
Floods are common during the monsoon period from June to September throughout the
country as two-thirds of total precipitation occurs in this period. It is mainly caused by natural
factors: intense rainfall, landslide and glacial lake outburst floods (GLOFs), co-occurrence of
snow and glacial melt with monsoon precipitation, as well as several human factors: land use
changes, drainage congestion caused by haphazard development activities, and dam failures
(Pradhan 2007). These factors may act individually or in combination, and the intensity and
magnitude depend largely on the location and pattern of occurrence. Moreover, continuous
rainfall on saturated mountain slopes induces landslips resulting in flash floods along with high
sediment and bed loads. In addition, ephemeral rivers originating in the Chure range cause
significant damages in the southern part of the country (i.e., Tarai region). According to Dixit
(2003), the continuous monsoonal rainfall in 1954 throughout the mountain regions resulted in
damaging floods on the Koshi River, jeopardizing the livelihoods of mountain populations. As a
result, a large number of affected families responding to a program initiated by the government
as a response to resettle them in a less vulnerable area migrated to southern part of the country.
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The literature shows that the occurrence of extreme precipitation events in mountain
areas causes significant damage to properties and claims human lives. For example, an extreme
precipitation event in 1993 in southern and central parts of the Nepal was estimated as a 78-year
precipitation event (Dhital, Khanal, and Thapa 1993). The single event generated about 2,000
landslides of various sizes with major landslides in more than 200 places which significantly
damaged transportation routes and claimed about 160 lives (Ministry of Home Affairs [MoHA]
2011).
Temporary formation of lakes due to damming by landslides during the monsoon is also
common in the high and middle mountains of Nepal. Khanal, Shrestha, and Ghimire (2007)
reported that 11 disastrous landslide dam outburst floods occurred from 1967- 1989 due to
breaching of landslide dams. In Larcha, this type of flood took place in July 1996 killing 54
people and sweeping away 22 houses. Such events occur randomly and cannot be precisely
predicted. Approximately 27% of landslide dams burst within one day of their formation (Costa
and Schuster 1988). Hence, they pose immense threats of flash flooding for downstream
locations and require very quick reaction.
Floods are a routine part of life and have problematized the lives of poor people, often
pushing them further into poverty. On 18 August 2008, a flood control embankment on the
eastern side of the Koshi River breached and wreaked havoc downstream in the Sunsari District
of Nepal and six districts of Bihar, a state in northeastern India (Dixit 2009). About 60 people
were killed, 7,000 families were displaced and about 50,000 people were affected in Nepal
(Ministry of Home Affairs (MoHA) 2011), in addition to 3.5 million affected in Bihar (Dixit
2009). Likewise, the Bagmati River was blocked by tree logs for a few hours in 1993, which
caused an outburst flood killing 816 people (Khanal, Shrestha, and Ghimire 2007). Similarly,
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embankments breaching in 1981 swept away one bridge, 41 people and 120 houses, and a check
dam failure on the Rapti River in 1990 killed 26 people and swept away 880 houses (Khanal,
Shrestha, and Ghimire 2007).

Earthquakes
Nepal is situated in the southern slopes of the Himalayan range, which is one of the most
active mountain ranges in the world. The Himalayan range was formed due to collision between
the Indian and Tibetan plates. As a result, there are active faults that pose constant threats of
earthquakes in the country. The major active faults are classified into four groups: South Tibetan
Detachment System (STDS), the Main Front Thrust (MFT), the Main Boundary Thrust (MBT),
and the Main Central Thrust (MCT). Among these, the MFT and MBT are most dynamic and
have the immense ability to produce big earthquakes (Chamlagain 2009). The existence of
world’s highest peaks in the country indicates the continuous tectonic movement in the
Himalayan region. Figure 4 shows the danger zone in the Himalayan region with slip potential
and urban population. As this is a 2001 work, the urban population has risen considerably in last
17 years. From the seismic risk perspective, Nepal is considered one of the disaster hot-spots in
the world (Dixit 2014).
Nepal has an historical record of devastating earthquakes. The earliest recorded major
destructive event was in the year 1255 followed by 1833, 1934, 1960, 1988, 2011, and 2015. The
recent 2015 Gorkha earthquake caused more than 9,000 deaths, injured approximately 22,500,
damaged approximately one million traditional masonry as well as reinforced concrete buildings.
The built environment was mainly responsible for human hazard as 80% of fatalities are caused
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by buildings whereas about 10% are caused by lack of medical facilities and about 10% are
because of emergency response systems (Picard 2011).

Figure 4: Indo-Asian collision zone with estimated slip potential along the Himalaya (Bilham,
Gaur, and Molnar 2001)

Identifying the location and time of earthquakes is fundamental for planning measures to
lessen the impacts of earthquakes in future. The instrumental records of seismic events in the
Himalayan regions are sporadic and available only for shorter periods. However, a major trend
has been identified with the help of available data. This trend depicts a narrow distribution of
earthquakes just south of the MFT (Chamlagain 2009).
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Based on the scenario of the 1934 earthquake, National Society for Earthquake Transition
(NSET) (1999a, b) studied a loss estimation of infrastructures in Kathmandu and Bhaktapur if a
similar magnitude of the earthquake were to strike again. It estimates that about 75% of the
buildings in Bhaktapur would be damaged, and about 60% heavily damaged. Given the
increment of population as well as centralized development in Kathmandu valley in recent
decades, the infrastructure damages and mortality would significantly increase (Dixit 2014).

Landslides
Landslides are commonly occurring events in a highly sloped environment on Earth. In
many cases, ‘landslide’ would be a misnomer as they do not contain sliding. The concept of
landslide is used “to describe a range of processes that result in downward and outward
movements of slope forming material composed of rock, soil and artificial materials” (Petley
2010). In this context, the term ‘mass movement’ might be desirable, but here the term landslide
will be used as it is commonly used and better addresses the case of Nepal (Petley et al. 2007).
The occurrence of landslides is influenced by factors such as steep slopes, geologic structure, and
groundwater conditions and they are triggered by basal erosion, intense and prolonged rainfall,
earthquakes, and melting of permafrost (Harvey 2012).
Being one of most active mountain ranges in the world, frequent landslide activity can be
expected in the Himalayan region. It is one of the primary geophysical activities which plays a
leading role shaping landscape in both glaciated and non-glaciated mountain environments
through a dynamic balance of erosion and uplift. Hence, all landslides should not be attributed to
human activities or landslide risk be considered “socially constructed”. However, studies have
identified that human activities are playing a significant role in mountainous region of Nepal to
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generate landslides (Petley et al. 2007, Gerrard and Gardner 2002). Such human-induced
landslides are of small-scale and do not get much attention at the national level. At the local
level, primarily agricultural productivity is severely damaged which creates huge economic
burdens for mountain populations. For example, every year landslides disrupt the Pritvhvi
highway, the only road connecting the capital city Kathmandu with the South. In August 2000,
the road was disconnected for 11 days causing huge economic disruption in the Kathmandu
valley.
The occurrence of landslides is not even throughout the country. The Tarai region, flat
plains in the southern part of the country, has a very low occurrence of landslides as do the
Mountain districts, whereas the Hill districts have the highest distribution of landslides. The
occurrence of landslides in Nepal can possibly be explained by two reasons, the impact of
deforestation and degradation, and second, development. Deforestation and degradation is
generally considered one of the major contributors to landslide occurrence in mountain
environments, especially in Nepal (Gerrard and Gardner 2002). The quest of development in the
country has resulted in unplanned construction of mountain roads without proper investigation of
water volume, soil properties, channel geometry, and other environmental factors. The “access”
of mountain communities and “connectivity” to the markets is playing fundamental role for such
an extensive expansion of road networks which is exerting significant pressure on a young and
active Himalayan environment.

1.2.6 Problem statement
Nepal is one of the least developed countries in the world, with approximately one
quarter of its population living below the poverty line (CBS 2014). Additionally, a decade-long
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conflict from 1996-2006 further jeopardized Nepal’s economy and development activities. Social
vulnerability has also escalated by emerging risks such as globalization and climate change in the
Himalayan region. Consequently, the number of ‘at risk’ communities is increasing day by day.
The Himalayan environment is strongly interconnected by upstream-downstream effects and
hence hazards such as floods and landslides in upstream regions pose serious threats to
downstream regions. The underlying risk of natural hazards has been further intensified by
human factors arising from poverty, land use, infrastructure development, poor governance, and
inadequate policies and policy implementation.
The Natural Disaster Relief Act, 1982 is the first and principal guiding document to manage
all natural hazards and disasters in Nepal. As this document is mainly focused on relief
approaches, a new disaster management act was drafted in 2010 to include all components of
disaster management (e.g. preparedness, mitigation, relief, reconstruction, recovery). However,
this updated guiding document is still under consideration in the legislative assembly, which has
been delayed due to ongoing political processes started in 2006 for transitioning from a
centralized monarchy to federal governance. Lack of political willingness combined with
inadequate manpower and a nominal budget allocated for disaster management have further
exacerbated the situation. In the backdrop of these issues, it is important to examine the
environmental, social, and economic implications of hazards at different levels: national,
regional, and local. Further, there is a need to gather physical, scientific, as well as social data to
assist in analyzing the different natural hazards, their inter-linkages, and their cumulative
impacts. Based on the literature, the following major gaps/challenges have been identified in the
domain of disaster management in Nepal. These gaps/challenges were considered in the
formulation of relevant, context-specific research questions.
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1) Data unavailability/inaccessibility/patchiness: There is no single dedicated institution to
collect disaster-related information and data. Often, data are scattered, erratic, scanty, and of
poor quality. Additionally, the data obtaining process is opaque. The majority of Nepal’s
hydrological and meteorological stations were established as recently as the early 2000s.

2) Reactive rather than proactive approach: Disaster events have been treated as single events,
usually on an ad-hoc basis. Furthermore, rescue and relief have been the central components
without giving priority to preparedness activities that can significantly reduce losses to events
in the first place.

3) Structural vs. non-structural mitigation: Structural measures are defined as “any physical
construction to reduce or avoid possible impacts of hazards, or application of engineering
techniques to achieve hazard resistance and resilience in structure or systems” whereas nonstructural measures are defined as “any measure not involving physical construction that uses
knowledge, practice or agreement to reduce risks and impacts, in particular through policies
and laws, public awareness raising, training, and education” (UNISDR 2009, 28). Thus,
structural measures include built-environment structures such as floodwalls, levees, and
tornado shelters, while non-structural measures include building codes, zoning, and
education campaigns. In Nepal, natural hazards are typically viewed in isolation and
structural, technocratic measures are envisioned as the only solution. Mainly, floods are dealt
with through this strategy whereas landslides, debris flow, avalanches, glacial lake outburst
floods (GLOFs), and earthquakes are left as is. Despite the failure of structural measures to
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control such hazards, government authorities continue to rely on them as their primary
strategy. Because of the high cost and short lifetime of structural measures, and lack of
financial and human resources in the country, non-structural measures may serve the
Himalayan region better. In addition, non-structural measures have low environmental
impacts and high sustainability due to involvement of local resources and local communities
at risk. Ultimately, a combination of structural and non-structural measures represents the
best approach, but in this case the nonstructural measures are largely absent.

4) Single hazard approach: In Nepal, disaster risk reduction (DRR) activities are focused on
single hazards. Hazards are perceived as isolated natural processes and their cascading
effects are completely neglected. As a result, the preparedness and mitigation efforts are
deficient. Sometimes one hazard event triggers another hazard which amplifies risk in the
vicinity and downstream region. The recent experiences of large landslides causing flooding
downstream, and the occurrence of medium and shallow landslides on highways after
earthquakes clearly show the need for a more holistic approach. Thus, a multi-hazard
approach should be taken to understand the overall risk of an area and devise relevant
programs and policies. In addition, it also helps to reduce the risk from cascading effects of
multiple natural hazards.

5) Lack of involvement of local people and their knowledge in the DRR process: While
instituting DRR programs and policies, local people are rarely involved. There is scarce
representation of vulnerable communities and their know-how in DRR activities. In addition,
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they are not commonly used by scientists, practitioners and policymakers although local
knowledge and practices are identified as crucial in DRR (Hiwasaki, Luna, and Shaw 2014).

6) Inadequate consideration of social vulnerability: Thus far, studies focus on physical
vulnerability. Most researchers focus on physical processes, but human interactions with
these natural processes are largely ignored. The concept of social vulnerability acknowledges
that sensitive populations may be less likely to respond to, cope with, and recover from
natural disasters (Cutter and Finch 2008). This perspective is missing in disaster research,
programs and policies. The identification of socially vulnerable regions and populations is a
critical element for emergency preparedness, immediate response, mitigation planning, and
long-term recovery from disaster. Hence, the major factors of social vulnerability (e.g., lack
of access to resources, limited political power and representation, low social capital and
networks, beliefs and customs, and physically limited individuals (Cutter, Boruff, and Shirley
2003) should be incorporated in Nepal to arrive at an integrated approach.

7) Inadequate human, economic, and government resources: The concerned authorities lack
trained manpower and their work is constrained by low staffing and an inadequate budget
allocation. Most staffs have no relevant background and have additional responsibilities
beyond disaster management. Furthermore, staff turnover is high; staff often serves for a very
short period, sometimes less than a year. The rapid through-flow of staff affects employee
motivation, human capital, and institutional memory, which creates constant challenges to
coordinate disaster preparedness activities. This context is further complicated by a scarcity
of resources, funding and overall capacity.
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8) Political transition: The constitution writing process completed in 2015 started in 2006 after
the end of active monarchy and a decade long armed conflict. The writing process has
delayed many programs, in particular the promulgation of the draft Disaster Management
Act. Although the constitution is completed, the demarcation of federal boundaries and
allocation of ethnic rights at the province level are making the execution of the document
very difficult. The debate surrounding the structure of the federal government in a newly
forming constitution has considerably impeded DRR programs and policies.

9) Remoteness/isolation: The rugged topography and altitudinal variation have isolated many
villages from the central government. This not only constrains local people to access the
resources and government facilities, but also limits the number of researchers and
government authorities to implement DRR infrastructure in areas of great need.

1.3 Statement of purpose, significance, and dissertation outline
1.3.1 Statement of purpose and significance of research
This dissertation research evaluates the combination of multiple hazards vulnerability and
risk in the Nepal Himalaya. Further, this research assesses the confluence of disasters and
vulnerability at spatial different scales, which will contribute to the overall understanding of
natural hazard risk and help to formulate more disaster resilient policies. This work considers
three comprehensive research questions, each leading to three different objectives of the
dissertation project.
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● Research Question 1: How is natural hazard mortality distributed across the country of
Nepal, and can any patterns be discerned?
● Research Question 2: Can an index of vulnerability from the United States setting be
applied to Nepal, and what would such an instrument look like?
● Research Question 3: Using the city of Dharan, Nepal as a case study, how can
geospatial technologies be used to inform multi-hazard risk in a data scarce
environment?

The objective of the first research question is to better understand spatial and temporal
patterns of mortality from natural disasters in Nepal. The second question results in the
quantification of social vulnerability to natural hazards using a modified, contextualized social
vulnerability index (SoVI). Finally, the third question, with the assistance of geospatial
techniques, computes cumulative risk to multiple natural hazards. Given the three research
questions, key outcomes of this study are to:
1) Identify spatial dimensions of mortality and social vulnerability
2) Identify a strategy for developing a geospatial model to measure multi-hazard risk, and
3) Contribute to disaster studies.

1.3.2 Structure of the dissertation
The dissertation is organized in five chapters: Chapter 1 provides a review of the
literature pertinent to hazard, vulnerability, risk, and geospatial analyses. Gaps in these analyses
are identified. Chapter 2 delves into spatial and temporal patterns of fatalities at the village level
due to various natural hazards across the country. Chapter 3 focuses on the evaluation of social
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vulnerability. Here I present an index to identify the major social processes and factors
contributing to social vulnerability. Chapter 4 details a geospatial model created to assess
multiple hazard risk in data-scarce regions. Additionally, work presented in this chapter
assimilates qualitative data to enhance the understanding of the risk posed by different hazard in
a specific location. Chapter 5 provides the overall conclusions reached as a result of the
previously mentioned research. It also identifies research obstacles and limitations of this work,
and includes future avenues for research.

1.4 Data sources
Data required to conduct this study are outlined in Table 1. Physical as well as social data
were collected from publicly available sources, secondary sources, and field investigations.

Table 1: Data required and source
DATA

SOURCE

Data and sources for physical analysis
Aspect

ASTER

Elevation

ASTER

Geology

Department of Mines & Geology, GoN

High resolution satellite images

DigitalGlobe Foundation

Land use land cover

ICIMOD

Precipitation

Department of Hydrology and Meteorology, GoN

Slope

ASTER
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Soil

Department of Mines & Geology, GoN

Data and source for social analysis
Mortality

DesInventar database

Income

CBS, GoN

Employment

CBS, GoN

Gender

CBS, GoN

Age

CBS, GoN

Rural/Urban

CBS, GoN

Education

CBS, GoN

Trade

CBS, GoN

Other socio-economic variables

Field collection

ASTER = Advanced Spaceborne Thermal Emission and Reflection Radiometer
CBS = Central Bureau of Statistics
GoN = Government of Nepal
ICIMOD = International Centre for Integrated Mountain Development
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Chapter 2. Spatial patterns of natural disaster mortality in Nepal
2.1 Introduction
This chapter analyzes temporal and spatial patterns of fatalities due to natural hazards in
Nepal at the village level using a publicly available disaster database. The objective is to
examine which patterns, if any, exist as well as to compute which hazard contributed most to
fatalities from 1971-2011. To achieve the objectives, mortality records from DesInventar
database from 1971-2011 were extracted, aggregated, and georeferenced.

2.2 Publication
The manuscript related to this chapter was published in Environmental Hazards journal
and can be found in the Appendix 1.

Aksha, Sanam K., Luke Juran, and Lynn M. Resler. 2018. "Spatial and temporal analysis
of natural hazard mortality in Nepal." Environmental Hazards 17 (2):163-179.
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Chapter 3. Assessing social vulnerability to natural hazards in Nepal
3.1 Introduction
This chapter quantifies social vulnerability to natural hazards at the village level using a
modified Social Vulnerability Index (SoVI). SoVI is a method developed by Cutter, Boruff, and
Shirley in 2003 for the US context. This method is adapted to Nepali context, and 39 variables
are used to assess factors that contribute to vulnerability, their spatial distribution, and clustering
patterns across the country.

3.2 Manuscript
Appendix 2 contains the draft of the original manuscript submitted to an academic
journal for review on 26 January 2018.

Aksha, Sanam K., Luke Juran, Lynn M. Resler, and Yang Zhang. Under Review. "An
analysis of social vulnerability to natural hazards in Nepal using a modified Social Vulnerability
Index." International Journal of Disaster Risk Science.
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Chapter 4. Multi-hazard risk assessment using geospatial techniques
4.1 Introduction
This chapter models cumulative risk to floods, landslides, and earthquakes in Dharan,
Nepal, using geospatial techniques. Since any given geographical location is exposed to multiple
natural hazards, a single hazard risk assessment either overestimates or underestimates natural
hazard risk. Furthermore, developing countries such as Nepal are often constrained by limited
financial and human resources, and in many cases such scenarios are exacerbated by a lack of
robust data to model the total risk of a place. Research findings have potential to inform local
officers, planners, and disaster risk reduction practitioners on how to more effectively to deploy
disaster risk reduction programs, policies, and resources.

4.2 Manuscript
The draft of the manuscript for this analysis is found in the Appendix 3. It is currently being
revised for submission to a peer reviewed journal.

Aksha, Sanam K., Lynn M. Resler, Luke Juran, and Laurence W. Carstensen Jr. In
Preparation. "Multi-hazard risk assessment in Dharan, Nepal using geospatial techniques".
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Chapter 5. Conclusions
Understanding physical processes of natural hazards in combination with social processes
is required to develop a comprehensive picture of risk in a geographic location. Furthermore, the
integration of spatial components enhances this approach and can provide place-based insight on
disaster planning, resource allocation, and the provision of humanitarian assistance in times of
emergency. Using Nepal as a case study, this dissertation broadly aimed to: (1) understand the
spatial and temporal distribution of natural hazards; (2) assess the contribution of social factors
and processes to social vulnerability; and (3) model multi-hazard risk of a specific geographic
location. The dissertation research resulted in several findings that are useful to disaster
researchers and practitioners, particularly in Nepal.
First, this dissertation quantified social vulnerability at the village level and demonstrated
its spatial distribution and clustering throughout the country. This research not only advanced the
SoVI methodology and represents the first-of-its-kind in Nepal, but it also provides much-needed
insight on social aspects of vulnerability, which are currently absent in Nepal’s disaster planning.
This work has potential to draw attention to social vulnerability in Nepal and forms a benchmark
study for future analyses of social vulnerability in Nepal and similar contexts that demand a
modified SoVI approach.
Second, thus far risk assessment in Nepal focuses on a single natural hazard type, which
often results in the over or underestimation of risk to populations residing in a particular
geographic location. This dissertation work leverages a multi-hazard risk assessment approach
and proposes a methodological framework using geospatial techniques. Multi-hazard approaches
are emerging in risk assessment, and this research contributes to the literature by providing a
case study in which geospatial techniques can be used to quantify cumulative risk in a place.
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This methodological framework can be replicated in other parts of the world, especially in lesserdeveloped countries that are constrained by data availability.
Third, this research emphasizes the importance of non-structural mitigation in disaster
preparedness programs and policies. The dominant approach of mitigating natural hazards
through structural means fails to address the complex, underlying social phenomena that often
combine to create a disaster. Furthermore, such infrastructure-based approaches may actually
aggravate physical and social systems, serving to increase the vulnerability and risk of already
susceptible communities. This dissertation provides strong evidences that there are several
benefits to understanding and addressing both physical and social dimensions of disasters.
Lastly, this dissertation advances knowledge on natural hazards, vulnerability, risk, and
disasters in Nepal by providing empirical assessments on these topics. Disaster-related studies in
Nepal are scattered across the development sector and many are not published or available to the
general public. This research fills the gap by providing a comprehensive, publicly available study
for future discussion among scholars, government officials, nonprofits, and the public.
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Multi-hazard risk assessment in Dharan, Nepal using geospatial
techniques
Manuscript for ‘Applied Geography’

Abstract
Natural hazard risk assessment generally focuses on a singular hazard type, such as
earthquakes, landslides, or floods. However, this emphasis tends to view physical processes in
isolation. Rather, it is common for areas to be at risk simultaneously from multiple interacting
hazards that may generate cascading effects or synergies. While scholars have proposed a multihazard risk framework based on probabilities, the quality and quantity of data required for this
approach are rarely available in developing countries. Using geospatial and socioeconomic data,
this study assesses multi-hazard risk in the city of Dharan, Nepal. Three hazards—landslides,
floods, and earthquakes based on 12 relevant criteria—were considered for a composite hazard
assessment using statistical methods and the Analytic Hierarchy Process (AHP). We employed a
Social Vulnerability Index (SoVI) to create a vulnerability map of the study area, which was then
combined with the multi-hazard hazard map to produce a total risk map. The resulting map
identifies the spatial extent of low to high risk areas. Our results indicate that eastern Dharan
along the Seuti River and southwestern Dharan on the left bank of the Sardu River are high risk
areas. Central Dharan as well as the hills in the west are categorized as low risk areas. This
analysis could be helpful to local officials and stakeholders to devise better disaster risk
reduction programs and policies. Also, the model can be adjusted and applied at different scales
and in different territories.
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1. Introduction
Disaster risk reduction requires the identification and quantification of risk in a given
geographic location (Garcia-Aristizabal, Gasparini, and Uhinga 2015, van Westen et al. 2014).
The primary objective of risk quantification is to assess probability of loss due to the occurrence
of a hazardous event, defined here as an event or process that causes loss or harm (Wohl 2000).
Hence, risk assessment requires knowledge of both physical and social processes to calculate the
cumulative level of risk posed by multiple natural hazards.
Vulnerability is a product of physical exposure to natural hazards combined with the
human capacity to prepare for, mitigate, and recover from (or cope with) their negative impacts
(Aksha, Juran, and Resler 2018, Juran and Trivedi 2015). The dependence and overlay of social
systems upon natural systems leads to their frequent interaction, resulting in increased risk,
damage, and economic losses. Vulnerability to natural hazards is rising as populations,
infrastructure, and human settlements expand; especially problematic is construction without
sufficient buffers between communities and the potential spatial extent of hazardous natural
processes (Hernandez 2014, Kappes et al. 2012, Schmidt et al. 2011). As a result, disaster
mortality in developing countries and economic losses in the developed world are increasing
(Peduzzi et al. 2009, Dilley et al. 2005).
Human and economic losses to natural hazards have escalated in recent decades (Bouwer
2011, Guha-Sapir, Hargitt, and Hoyois 2004). Lessening losses from hazard risk necessitates a
holistic assessment of risk that involves the identification of hazards that may affect a particular
location combined with knowledge on the physical, built, and social environments that are likely
to be affected. To do this effectively, a spatial approach must be employed. A spatial approach in
risk assessment supports disaster risk mitigation and reduction by providing crucial information
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on hazard source areas, possible impact zones, and the distribution of populations and
infrastructure in and around hazardous areas (Greiving, Fleischhauer, and Lückenkötter 2006).
Also, spatial approaches help to identify optimal locations for disaster mitigation infrastructure
and can assist in evacuation, resource allocation, and policymaking.
For any risk assessment work, the term risk (R) needs definition. In the literature of
hazards and geography, risk has been understood as the combination of hazard exposure (H) and
societal vulnerability (V). This relationship can be expressed in a “pseudo-equation”: R = H x V
(Varnes 1984, Wisner et al. 2004). Thus, there would be no risk if a hazard and a vulnerable
population do not interact in a particular location.
The majority of risk assessment work either focuses on a single hazard type or gives little
attention to vulnerability of society to natural hazards. To address the gap, this study combines
an integrated spatial assessment of hazards, based on the approach of Greiving, Fleischhauer, and
Lückenkötter (2006), with the hazards of place model developed by Cutter, Mitchell, and Scott
(2000) (Fig. 1). While Greiving, Fleischhauer, and Lückenkötter (2006) consider all spatially
relevant hazards that produce total risk in a particular location, the Cutter, Boruff, and Shirley
(2003) Social Vulnerability Index method considers various social, economic, and demographic
indicators that influence vulnerability of a society. This hybrid model conceptualizes risk as the
joint product of (1) spatially relevant hazards in a particular place, and (2) level of vulnerability
present in the social systems in a particular place. The combination of both models includes
provides a holistic assessment risk.
Specifically, this study introduces a model for spatial multi-hazard risk assessment and
applies it to the data scarce city of Dharan, Nepal, using publicly available geospatial data. The
purpose is to assist local decision and policy makers in the efficient deployment of resources for
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disaster risk reduction. The overall study objectives are to: (1) produce individual hazard
assessments (i.e., for earthquakes, floods, and landslides) for the rapidly developing city of
Dharan, Nepal; (2) estimate Social vulnerability for the city of Dharan; and (3) combine results
from objectives 1 and 2 into a comprehensive multi-hazard risk assessment for the city of
Dharan. In doing so, this study overcomes the formidable issue of inadequate data (quality,
quantity, and access) to develop a scientifically sound procedural model that generates a
composite risk map.

1.1 Multi-hazard risk analysis: challenges and opportunities
Studies of natural hazards have traditionally emphasized the impacts of individual
hazards, including landslides (Althuwaynee et al. 2014, Devkota et al. 2013); floods (Kabenge et
al. 2017, Kazakis, Kougias, and Patsialis 2015); earthquakes (Dhar, Rai, and Nayak 2017,
Theilen-Willige 2010); droughts (Lehner et al. 2006); sea level rise (Hinkel 2011); tropical
cyclones (Hoque et al. 2018); and wildfires (Adab, Kanniah, and Solaimani 2013). Although
valuable for assisting local and national disaster risk reduction programs and policies, they do
not provide an holistic understanding of risk that perceives geographic locations and groups of
people to be exposed to multiple natural hazards, simultaneously.
Few studies have explored integrating multiple hazards in risk and impacts assessments
(Barrantes 2018, Gallina et al. 2016, van Westen et al. 2014), not surprisingly given the many
associated constraints. These include availability of geospatial data, access to comprehensive
(and reliable) social data, and financial and human resources remain limiting factors (Kappes et
al. 2012). The use of remote sensing data, geographic information systems (GIS) software, and
publicly available social, demographic, and economic data has potential to support modeling
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efforts in terms of increased spatial resolution, computing capacity, rigor in quantitative
techniques, and sharing of data for public good (Hoque et al. 2018, Bishop et al. 2012, Wohl and
Oguchi 2004).
Despite these challenges, a multi-hazard approach that integrates natural hazard risk and
social vulnerability offers a more realistic assessment of potential impact at a given location
because social, economic and cultural elements, are considered simultaneously with physical
geography. Modeling natural hazard risk in terms of single hazard types underestimates total risk
since it does not consider the spatiotemporal overlap of hazards and the possibility of cumulative
synergistic and cascade effects. Moreover, the inclusion of socioeconomic factors such as income,
education, ethnicity, and elderly populations provides insights on levels of capacity and resilience
before a disaster happens. Since the pre-disaster context either accentuates or attenuates the
impacts of any disaster, a multi-hazard approach that considers the spatio-cultural context and its
various linkages and feedbacks could play a significant role in saving human and economic losses.
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2. Study area
Nepal is susceptible to a multitude of natural hazards, ranging from frequent, regularly
occurring hazards such as floods, landslides, and avalanches, to less frequent but higher
magnitude hazards such as earthquakes. For example, floods are a commonality during heavy
precipitation events and the annual monsoon season, whereas large-scale earthquakes occur
periodically to ‘shock’ the country. The recent 2015 Gorkha earthquake alone claimed more than
9,000 lives and destroyed tens of thousands of houses. The combination of these serial and
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sporadic hazards makes apparent the high level of risk and low level of disaster preparedness that
characterize the country of Nepal.
The city of Dharan (192.03 km2 area and located at 26º51’ N, 87º13' E) is situated in
Sunsari District in eastern Nepal, approximately 600 km southeast of the capital Kathmandu
(Fig. 2). Dharan is one of three major urban centers in eastern Nepal, and the latest 2011 census
reports the population at 137,705 (CBS 2014). Dharan is situated at the foothills of the Siwalik
range and is characterized by the presence of very young sedimentary rocks such as mudstones,
shale, sandstone, and conglomerates. Furthermore, the Main Boundary Thrust (MBT) runs along
the north side of Dharan, placing the entire city at seismic risk. The MBT is an active thrust
running east-west along the Himalayas that is capable of initiating major earthquakes at any time
(Upreti 2001).

Figure 2. Map of Nepal and the study area of Dharan.
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Dharan is rapidly urbanizing and many settlements are expanding on fan deposits of the
flanking Sardu and Seuti Rivers (Fig. 2), which flood frequently during the annual monsoon
season. A large agglomeration of squatter settlements has also emerged along the banks of Seuti
and Sardu Rivers. This highly vulnerable area contains about 6,500 households scattered across
several administrative wards. Risk to wet and dry landslides is severe in Dharan due to riverbank
cutting by the Sardu and Seuti Rivers. Serial flooding and landslides during the monsoon season
continually deteriorate agricultural land and pose constant, increasing risk to recent settlements
that have sprung up as part of urban sprawl processes (Dharan Municipality 2014). Efforts to
reduce vulnerability are further exacerbated by weak institutional memory of past disaster
events, scarcity of financial and capital resources, and limitations in quantitative, geospatial, and
socioeconomic data and their applications.

3. Materials and methods
3.1 Data and sources
We collected imagery, hundreds of geolocations, topographic data, environmental
factors, triggering factors, and social data (Table 1) for hazard and risk assessment from publicly
available sources (e.g., most recent 2011 census), the Dharan sub-metropolitan office, and field
investigations. These data were managed in a GIS environment. High resolution WorldView-3
imagery (1.24 m) dated 31 October 2016 was obtained from the DigitalGlobe Foundation to
produce a land use land cover map. Monthly rainfall data for the 2016 calendar year were
obtained from the Precipitation Estimation from Remotely Sensed Information using Artificial
Neural Networks (PERSIANN) available at the Center for Hydrometeorology and Remote
Sensing, University of California (http://chrsdata.eng.uci.edu). River flow data were not
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available for the Seuti and Sardu Rivers because no gauging stations are installed. Based on
visual interpretations of WorldView-3 images and Google Earth, an inventory of active
landslides was prepared. Landslide locations were field-checked during a field visit in summer
2016.
The methodological framework described in Fig. 1 guided our overall analysis. We used
binomial logistic regression to assess landslide hazards in the study area, with the presenceabsence of a landslide used as a response factor. A GIS database of 12 conditioning factors was
prepared (Fig. 3). Each spatial layer was transformed into a grid spatial database at a pixel size
of 30x30 m. All raster layers were referenced using World Geodetic System (WGS)-1984 and
the Universal Transverse Mercator (UTM) zone 45 North. Hazards were modeled individually
based on causative factors and were subsequently integrated to generate a composite hazard map
of the study area. Finally, social, demographic, and economic data (as documented in Table 1)
were used to assess social vulnerability at the ward level, which was overlaid on the integrated
hazard map to produce a composite risk map of Dharan.

Table 1. Input data for modeling multi-hazard risk in Dharan, Nepal
Type

Data

Source/Characteristics

Image Data

High resolution

WorldView-3 (1.24 m resolution) obtained from

satellite imagery

DigitalGlobe Foundation

Contour lines

20 m interval contour lines obtained from

Topographic

Department of Mines & Geology, Government of

Data

Nepal
DEM

ASTER-DEM (30 m resolution) downloaded from
United States Geological Survey Earth Explorer

Slope angle

Slope steepness derived from DEM

Slope aspect

Slope direction derived from DEM
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Plan curvature

Concavity-convexity derived from DEM (positive
values indicate convexity, negative values indicate
concavity)

Flow accumulation

Flow accumulating in downslope pixel derived from
DEM (ESRI 2014)

Environmental

Topographic

Calculated from DEM based on equation (Sörensen,

wetness index

Zinko, and Seibert 2006): TWI = ln(α/tanβ) where α

(TWI)

is upslope area and β is slope

NDVI

Band difference derived from WorldView-3 based on
equation (Rouse 1973):

Factors

NDVI =

Triggering

𝑁𝐼𝑅−𝑅𝐸𝐷
𝑁𝐼𝑅+𝑅𝐸𝐷

Land use

Land use prepared from WorldView-3

Precipitation

Monthly rainfall (mm) downloaded from PERSIANN

Fault lines

Geologic fault lines obtained from Department of

Factors
Hazard

Mines & Geology, Government of Nepal

Inventory Data
Landslide inventory

WorldView-3 (1.24 m resolution) obtained from
DigitalGlobe Foundation and field verified

Lithology

Lithological units obtained from Department of
Mines & Geology, Government of Nepal

Streams

Drainage networks obtained from Department of
Mines & Geology, Government of Nepal

Social Data

Age

Population 65+ years

Built environment

Percent households without piped water connection
Percent households without electricity
Percent households without sewerage infrastructure
Percent population living in houses with low quality
external walls

Education

Percent population who cannot read and write
Percent population who completed school
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Ethnicity

Percent Dalit population

Family structure

Percent female-headed households
Percent average number of people per household

Gender

Percent females

Level of

Percent unemployed

employment
Occupation

Percent employed in agriculture

Renters

Percent families occupying rented houses

Socioeconomic

Percent households with >1 family

status

Percent households with cell phone or landline

Special needs

Percent population with disability

Urban/Rural

Percent households that use firewood as fuel source

3.2 Hazard assessment
Three types of natural hazards (i.e., landslides, floods, and earthquakes) were included in
this study. Based on selected conditioning factors (Fig. 3), individual hazards were first mapped
separately, and subsequently the three layers were overlaid to prepare a composite hazard map.
These processes are described throughout Section 3.2.
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3A

3B

3C

3D

3E

3F
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3G

3H

3I

3J

3K

3L

Figure 3. Conditioning factors for hazard assessment: (A) Aspect, (B) Plan curvature, (C) Distance
from faults, (D) Distance from streams, (E) Elevation, (F) Flow accumulation, (G) Land use, (H)
Lithology, (I) NDVI, (J) Rainfall intensity, (K) Slope, and (L) TWI.
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3.2.1 Landslide hazard assessment
Based on visual interpretations, 71 landslide locations were identified in the study area
and 63 of those were verified in the field during the month of July 2016. Due to inclement
weather and steep slopes, 8 landslide locations could not be field-verified but were cross-checked
in Google Earth. For purposes of using landslide presence-absence as a binomial predictor in a
logistic regression model, 71 non-landslide points were randomly generated in ArcGIS 10.3
(Althuwaynee et al. 2014, Devkota et al. 2013). These points were randomly divided into
training (70%) and validating (30%) datasets for model fitting and validation.
Hillslope failure results from interacting factors that may weaken shear strength and/or
increase shear stress. Influencing factors are often related to the nature of the topography, such as
slope angle, aspect, elevation, and surface curvature (Devkota et al. 2013). Further, local
hydrology, soil moisture, and climatic triggering events are key. Rivers and streams are also
important triggering factors for landslides as they can control slope cutting movements (Van
Westen, Castellanos, and Kuriakose 2008). Land use and vegetation cover influence slope failure
by increasing slope stability and affecting hydrological regimes via the interception of
precipitation, changes in runoff speed, and perturbations in groundwater flow (Van Westen,
Castellanos, and Kuriakose 2008). Finally, underlying geology (e.g., location of faults) and
underlying lithology are important to consider (Devkota et al. 2013).
We selected ten relevant variables for inclusion in the landslide model. These include
aspect, plan curvature, distance from faults, distance from streams, elevation, land use, lithology,
normalized difference vegetation index (NDVI), slope, and topographic wetness index (TWI)
(Fig. 3).
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Slope angle, slope aspect, plan curvature, and TWI were derived from a DEM using
Spatial Analyst toolsets in ArcGIS 10.3. We also measured distance from a fault and river using
the Euclidean Distance tool in ArcGIS. Additionally, we classified high-resolution satellite
images into four classes (forest, urban area, water body, and agriculture/open/barren) to obtain a
land use map of the study area (Table 1). Aspect, land use, and lithology were defined as
categorical variables, and the remaining variables were defined as nominal variables. Values for
each landslide and non-landslide point were extracted and imported into R version 3.3.3
environment (R Core Team 2017) to perform binomial logistic regression using the GLM
function. Using the Variance Inflation Factors (VIF) function, multicollinearity of the data was
tested. Two variables, distance from faults and slope, were removed due to high collinearity.

3.2.2 Flood hazard assessment
Flood hazard assessments are generally based on meteorological, hydrological, and
geomorphological data and typically use hydraulic modeling to predict flood depth based on
rainfall-runoff relationships (Vojtek and Vojteková 2016). However, many developing nations,
including Nepal, lack adequate sets of such data. The use of hydraulic modeling is limited in
these contexts and instead a GIS-based Flood Hazard Index (FHI) can be used to estimate flood
hazards (Kabenge et al. 2017).
Given the absence of river discharge data for Dharan, we adopted the GIS-based FHI
method. Based on the results of previous studies, seven criteria-parameters were selected to
construct the FHI: distance from streams (Butler, Kokkalidou, and Makropoulos 2006), elevation
(Chen et al. 2015), flow accumulation (Kazakis, Kougias, and Patsialis 2015), lithology (Nyarko
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2002), land use (Yalcin and Akyurek 2004), rainfall intensity (Kabenge et al. 2017, Nyarko
2002), and slope (Kabenge et al. 2017) (Fig. 3).
Distance from drainage networks is crucial as flood inundation is resulted from the
overflow of drainage channels. Areas closer to drainage channels have high risk of inundation
than farther away (Butler, Kokkalidou, and Makropoulos 2006). Water flows from higher
elevations and slope to lower elevations and slopes. Lower slopes decrease the speed of runoff
and get quickly inundated than higher slopes (Kabenge et al. 2017). The high values of flow
accumulation indicate the concentrated flow and consequently higher flood hazard zone
(Kazakis, Kougias, and Patsialis 2015). The geology of an area comprising soil type and parent
rock information may amplify or extenuate the magnitude of flood events. Soil type determines
the infiltration and water holding capacity of an area thus affecting flood susceptibility (Nyarko
2002). Land use and land cover plays role on precipitation interception reducing speed of
rainfall, infiltration, evapotranspiration, and underground water holding capacity of an area.
Natural vegetation cover such as forests and grassland reduces the speed and amount of runoff
than built-up areas (Yalcin and Akyurek 2004). Higher rainfall intensity could result quicker
infiltration capacity. Thus, the likelihood of flood increases in an area where the amount of
rainfall increases (Kabenge et al. 2017, Nyarko 2002).
To generate the index, we extracted elevation, flow accumulation, and slope from a
DEM. Geological information was obtained from engineering geological maps of the study area.
Euclidean distance was used to calculate distance from drainage networks and a modified
Fournier index was applied to calculate rainfall intensity from rainfall measurements (De Luis,
González‐Hidalgo, and Longares 2010). The relative importance of each parameter was
determined based on the Analytic Hierarchy Process (AHP), detailed in section 3.2.4.
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3.2.3 Earthquake hazard assessment
Advancements in satellite technologies and computing capacity have allowed earthquake
hazard assessment using geomorphometric parameters based on DEMs (Geiß and Taubenböck
2013). Several studies have analyzed geomorphic/topographic features in earthquake-prone
areas, primarily including five criteria-parameters: distance from faults, elevation, flow
accumulation, lithology, and slope (Dhar, Rai, and Nayak 2017, Theilen-Willige 2010, Allen and
Wald 2009, Wald and Allen 2007) (Fig. 3). Damage from earthquakes varies mainly due to local
lithological and hydrogeological conditions. The presence of tectonic structures such as faults
and folds can influence seismic hazards and their secondary effects such as land subsidence,
liquefaction, and building collapse (Dhar, Rai, and Nayak 2017). Higher slope angles and
elevations contribute to mass movements more than lower slopes and elevations. Higher flow
accumulation is characterized by young unconsolidated deposits and high groundwater tables,
which increase the chance of liquefaction during earthquakes (Theilen-Willige 2010).

3.2.4 Weighting the criteria using AHP
To integrate various parameters in a spatial decision making process and determine their
relative importance, weighting and ranking of the parameters for each individual hazard type
(landslide, flood, and earthquake) is required. For the landslides hazard assessment, a statistical
method, described above, was adopted (Althuwaynee et al. 2014, van Westen et al. 2014,
Devkota et al. 2013). The weight of each parameter for floods and earthquakes was calculated
using the AHP method (Saaty 1990). AHP is a widely used multi-criteria decision making tools
that serves a basis for integrating and determing the importance of criteria-parameters (Hoque et
al. 2018, Kabenge et al. 2017, Kazakis, Kougias, and Patsialis 2015, Althuwaynee et al. 2014).
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To do so, we prepared a pairwise comparison matrix for flood and earthquake hazards. Three
experts (local officer from Dharan municipality, a professor from Tribhuvan University, and the
first author) have filled up the matrix. The relative importance between criteria was assessed
from 1 to 9 implying from low to high importance, respectively (Saaty 1990) (Table 2). A
consistency ratio (CR) is used to justify the consistency of comparisons in the pairwise
comparison matrix and if CR is less than or equal to 0.1, comparisons are considered consistent
(Hoque et al. 2018).

Table 2. Scale of relative importance for hazard parameters (Hoque et al. 2018,
Kabenge et al. 2017, Saaty 1990))
Relative

Definition

Description

1

Equal importance

Two criteria are equally important

3

Moderate importance

One criteria is slightly favored over another

5

Strong importance

One criteria is strongly favored over another

7

Very strong

One criteria is very strongly favored over

importance

another

Extreme importance

The evidence favors one criteria over

Importance

9

another and is of the highest possible order
of validity
2,4,6,8

Intermediate values

When compromise is needed

between the two
adjacent judgements
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3.2.5 Integrated hazard assessment
Susceptibility to individual hazards was identified based on the weightings of relevant
parameters. Then, we overlaid the individual hazard maps using the Weighted Overlay Function
tool in ArcGIS 10.3 to prepare an integrated hazard map of the study area. The city of Dharan is
affected by all three hazards. Dharan experiences floods and landslides every year, and there was
a damaging earthquake in 1985. Since the study area is at constant risk to all three hazards, we
assumed that each had the same relative importance and employed equal weights when preparing
the composite hazard map (Collins, Grineski, and Aguilar 2009).

3.3 Vulnerability assessment
Vulnerability is primarily controlled by social, economic, and demographic factors that
coalesce to influence the capacity of individuals and communities to mitigate, cope with, and
reduce disaster risk. In general, a population with relatively greater socioeconomic status, access
to resources, and built environment attributes is less vulnerable and typically performs better
during and after disaster events. We calculated and mapped social, demographic, and economic
data (see Table 1) to assess social vulnerability at the ward level of Dharan (total of 25 wards).
The quantification and mapping of social vulnerability was based on the Social Vulnerability
Index (SoVI) method, which was overlaid on the integrated hazard map to produce a composite
risk map of Dharan.
We used the SoVI method, adapted from the approach of Cutter, Boruff, and Shirley
(2003), to assess hazards vulnerability in the study area. Social, economic, and demographic
variables were obtained from the most recent Nepal census as well as from the city office of
Dharan. Among the variables, 18 total on topics such as age, built environment, education,
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ethnicity, family structure, gender, level of employment, occupation, renters, socioeconomic
status, special needs, and urban/rural were included to model vulnerability (see Table 1). Data
were aggregated at the ward level and then normalized and standardized for further processing.
Principal component analysis (PCA), using the Dimension Reduction tool in SPSS version 22.0,
was used to reduce the 18 variables into a smaller number of more meaningful components
(Hummell, Cutter, and Emrich 2016). Varimax rotation and Keiser criterion were employed to
identify components with eigenvalues higher than 1. Based on the cardinality of the components,
all components were summed to obtain SoVI scores of the study area. The values were then
brought into ArcGIS to create a vulnerability map.

3.4 Overall risk assessment
The composite risk of Dharan was based on spatial intersections of hazard risk and social
vulnerability in the study area (Fig. 2). The integrated hazard and social vulnerability layers were
multiplied in ArcGIS to obtain a multi-hazard risk map. The Jenks natural breaks method was
applied to obtain five classes of risk ranging from low to high (Hoque et al. 2018, Devkota et al.
2013).
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4. Results
4.1 Individual hazard assessments
The binomial logistic regression for prediction of landslide presence and absence
revealed that distance to streams, elevation, lithology (Siwalik), and lithology (Midland) are
significant predictors of landslide presence or absence in Dharan. Based on the coefficients of
each significant predictor, a landslide hazard susceptibility map was prepared (Fig. 4A). The
results indicate that 45% of the study area is located in high hazard zones for landslides, meaning
that these areas are highly susceptible to landslide occurrence. The forested areas in the south
and stable hills in the north are delineated as regions that are relatively safe from landslides. The
results are significantly influenced by the lithology (Midland) variable, which has the highest
coefficient values among others in the logistic regression equation (Table 3). Due to such a
heavy influence of lithology (Midland), the central part of Dharan is classified as a high landslide
hazard zone (Fig. 4A).

Table 3. Coefficients of the conditioning factors in GLM model
Factor

Estimate

Std. Error

z value

Pr(>|z|)

Intercept

-1.43E+01

3.96E+03

-0.004

0.9971

Aspect (North)

8.61E-02

4.82E+03

0

1.0

Aspect (Northeast)

1.46E+01

3.96E+03

0.004

0.9971

Aspect (East)

1.27E+01

3.96E+03

0.003

0.9974

Aspect (Southeast)

1.36E+01

3.96E+03

0.003

0.9973

Aspect (South)

1.41E+01

3.96E+03

0.004

0.9972

127

Aspect (Southwest)

1.44E+01

3.96E+03

0.004

0.9971

Aspect (West)

1.34E+01

3.96E+03

0.003

0.9973

Aspect (Northwest)

1.37E+01

3.96E+03

0.003

0.9972

Plan curvature

-3.83E-01

3.92E-01

-0.978

0.3282

Distance to streams

-1.06E-03

6.38E-04

-1.661

0.0967*

Elevation

6.93E-03

3.22E-03

2.154

0.0312**

NDVI

-6.32E-01

2.63E+00

-0.24

0.81

TWI

-2.39E-01

1.94E-01

-1.236

0.2163

Land use (Forest)

-6.18E-01

1.15E+00

-0.538

0.5905

Land use (Agri)

-5.30E-02

1.03E+00

-0.052

0.9587

Land use (Water)

-1.61E+00

2.20E+00

-0.73

0.4652

Lithology (Siwalik)

3.05E+00

1.46E+00

2.093

0.0364**

Lithology (Gondwana)

1.23E+01

3.96E+03

0.003

0.9975

Lithology (Midland)

-7.53E+00

3.82E+00

-1.97

0.0488**

** = Significant at 0.01, * = Significant at 0.05

The relative importance of seven indicators of the Flood Hazard Index (FHI), obtained
via Analytic Hierarchy Process (AHP), were used as inputs for the weighted overlay function in
ArcGIS. The thematic layers were then overlaid to prepare a final flood hazard map (Fig. 4B).
The map shows that roughly 47% of the study area lies in low flood hazard zones. The majority
of high flood hazard zones are near the Seuti and Sardu Rivers. Flow accumulation and distance
from drainage networks are listed as relatively important indicators, so riverbanks and lowland
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agricultural areas are categorized as high flood hazard areas. The hills in east, north, and west, as
well as comparatively elevated regions in Bijayapur, show low risk to flood hazards.
An earthquake hazard map (Fig. 4C) was prepared for the study area using five different
thematic maps: distance from faults, elevation, flow accumulation, lithology, and slope. AHP
determined the weightage of the variables and those values were used while overlaying layers in
GIS. The map indicates that high hills in the north have lower seismic risk, while central Dharan
is categorized in a high earthquake hazard zone. Since MBT passes just north of Dharan and a
few local faults are also present in the study area, a majority of the human settlements in Dharan
lie in high earthquake hazard areas. The forested areas in south are classified as a medium hazard
zone, likely because their low elevation allows for soil liquefaction due to high groundwater
table movement (Theilen-Willige 2010).
The integrated multi-hazard map—prepared by combining the landslide, flood, and
earthquake hazard maps—is presented in Fig. 4D. The map portrays that approximately about
35% of the study area is classified in the medium hazard risk range, while 7% is classified as low
risk, 26% as low to medium, 30% as medium to high, and only 2% of the study area lies in a
high risk area. The adjoining areas of rivers are predominantly under high risk to hazards,
whereas the forested lands in the north and south are categorized as low risk to hazards.

129

Figure 4. Hazard risk of the study area.
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4.2 Vulnerability assessment
PCA reduced 18 variables into four components that explained 86.62% of the variance of
the data: Socioeconomic Status, Education and Built Environment, Ethnicity, and Disability.
Socioeconomic Status explained 45.12% of the variance Education and Built Environment
explained 19.74%, Ethnicity explained 10.98%, and Disability explained 10.78%. Based on the
cardinality of the components, they were summed to calculate SoVI scores for the 25 wards of
Dharan assessed in this study, which were then mapped (Fig. 5).

Figure 5. Spatial distribution of social vulnerability in Dharan at the ward level.
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SoVI scores revealed three wards categorized as high vulnerability, six as medium-high,
seven as medium, six as low-medium, and three wards as low (Fig. 5). The social vulnerability
map (Fig. 5) reveals that wards 20, 21, and 22 are the most vulnerable, and wards 1, 4 and 5,
located at the core of Dharan, are the least vulnerable.

4.3 Total risk assessment of the city of Dharan
The final risk map (Fig. 6) portrays greatest risk areas in the eastern part of Dharan along
the Seuti River, as well as southwest part of Dharan along the left bank of the Sardu River. The
southern part of the study area is classified as low risk. This area is relatively lower in elevation,
flatter, and forested. The slope along the Sardu river and its headwater is also categorized as low
risk. Central Dharan, the oldest settlement in the city, is classified as low risk.
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Figure 6. Total risk map from landslides, floods, and earthquakes for Dharan, Nepal,
obtained after overlaying social vulnerability (Fig. 5) and integrated hazard (Fig. 4)
maps.
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5. Discussion
The overall objective of the study was to assess the multi-hazard risk of Dharan, Nepal,
using socioeconomic data and geospatial techniques. Based on the literature and methodology
used in other studies (e.g., van Westen et al. 2014, Collins, Grineski, and Aguilar 2009, Greiving,
Fleischhauer, and Lückenkötter 2006), we generated landslide, flood, and earthquake hazard
maps. Subsequently we weighted and combined these maps to delineate low to high risk areas of
Dharan based on the combined influence of the hazards. Finally, we incorporated vulnerability
into a final composite risk map, using a SoVI map generated using the SoVI method.
Lithology (Siwalik) was the most important predictor of landslide presence (Table 3)
within the study area (Fig. 4A). Siwalik group is characterized by the presence of loose
materials, comprised of grained sandstones, mudstones, siltstones, and shales (Chamlagain 2009,
Upreti 2001). Such lithology makes the area more susceptible to slope failures on stream banks,
the formation of steep cliffs, differential erosion forming scraped ridges, and frequent landslides
on the steep slopes. The flood hazard assessment (Fig. 4B), indicates that the higher flood risk
regions are distributed along the banks of Sardu and Seuti Rivers. This is mainly because both
rivers are characterized by active channel shifting likely due to loss of high sediment loads
(Stoffel, Wyżga, and Marston 2016) during the monsoon season in combination with human
encroachment from the construction of buildings along the banks as well as sand mining and
stone quarrying (Sudmeier-Rieux et al. 2012, Dixit 2003). During low flow of the river in the
winter, commercial exploitation of the river bed deepens the channel, which later is filled during
monsoon season. One example of river bank encroachment and expansion of human settlements
towards the rivers is clearly visible in Fig. 7A and 7B. Results of the earthquake hazard
assessment (Fig. 4C) depict that most of Dharan is under high to medium risk; however, in
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reality the entire country of Nepal is considered to be at high seismic risk (Chamlagain 2009).
From multiple natural hazards point of view, almost all densely populated areas of study area are
categorized under either medium, medium to high, or high hazard zones (Fig. 4D), which is
likely a result of the compound nature of the hazard risk. For example, while any given location
might have low susceptibility to one natural hazard (southern areas in Fig. 4B), it may be highly
susceptible to other natural hazards (southern areas in Fig. 4C) making that area exceptionally
risky to natural hazards overall.
The social vulnerability analysis revealed that central Dharan is less vulnerable than other
parts of the city (Fig. 5). Central Dharan is the oldest part of the city and has better access to
piped water, sewerage infrastructure, and electricity (Dharan Municipality 2014). In fact, this
part of the city has no dependence on firewood as a fuel source, which helps to make
environment clean and reduce health problems especially related to indoor air pollution. The
region also boasts greater access to education (which helps to increase awareness on hazards,
risk, and vulnerability) and other resources such as comparatively better access to preparedness
materials, emergency shelters, and any other facilities provided by governmental and nongovernmental institutions. Interestingly, the western part of the study area is classified as low
risk although the area is characterized by low quality built environment attributes (e.g., no
electricity connection, without sewerage infrastructure, low quality external walls) and a greater
dependence on agriculture and firewood as fuel source (Dharan Municipality 2014). The areas
depicted in medium and medium to high vulnerability categories are the fastest growing regions
of the study area, and they are expanding towards the banks of Sardu and Seuti Rivers. Figure
7A and 7B provide context for such expansion along the banks of Seuti River (south eastern part
of the study area) between 2004 and 2016.
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Figure 7A. Google Earth image dated 22 Nov. 2004

Figure 7B. WorldView-3 image dated 16 Nov. 2016
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The distribution of composite risk from landslides, floods, and earthquake (Fig. 6) is
partly explained by the steep mountainous terrain, rapid unplanned urbanization, and
encroachment on the Sardu and Seuti Rivers. Rapidly and poorly planned urbanization in
combination with high river bed exploitation and river bank invasion are generating significant
pressures. As a result, natural hazards become more complex and uncertain due to dynamic
interactions between increasing populations, existing ecologies and ecosystem services, and
environmental degradation (Liu, Shi, and Wang 2016, Sudmeier-Rieux et al. 2012, Dixit 2003).
These factors favor a high susceptibility to landslides and floods, and risk in these areas could
manifold due to spatial interactions with each other as well as earthquakes and other hazards.
In general, the results confirm general assumptions that riverbanks and regions near high
slope gradients are at higher risk to natural hazards. Also supportive is that central Dharan is
farther from the rivers, there are fewer ‘slums,’ and it acts as the city’s hub for economic
activities. Interestingly, the hills in western Dharan, which contains numerous landslides, are
categorized as a low risk zone. While landslide risk is high in the western hills (Fig. 4A), a low
composite risk is explained by stable geology in the upper region, low density of human
settlements, and relatively low levels of social vulnerability (Fig. 5). Although the western hills
are surrounded by forests and low population density, active landslides in the area could threaten
the expanding squatter settlement on the banks of the Sardu River.
The aggregate result (Fig. 6) of this work should not be considered a final product on the
status of multi-hazard risk and vulnerability in Dharan, Nepal. Our aim here was to begin a
conversation on how to assess risk from multiple hazards that occur in Nepal, which has several
urban centers like Dharan that have rapidly expanding populations and exposure to multiple
natural hazards on a regular basis. Since natural as well as social phenomena (e.g., employment,
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age, built environment, and urban expansion) are dynamic, continuous measurement of variables
could help risk assessment and projections in the study area.
We set out to determine how geospatial technologies can be used to inform multi-hazard
risk in a data poor environment, using the city of Dharan, Nepal as a case study. Our experience
here echoes the work of others (Kappes et al. 2012, Schmidt et al. 2011) —one of the major
challenges of modeling multi-hazard risk is requirement of extensive databases, which are
virtually absent in the developing world (Barrantes 2018). The databases are often absent and if
it exists they are constrained by low accessibility for the researchers. Our model partially
addresses this gap by using publicly available geospatial and social data gathered through
intensive field works. Additionally, it is always a great methodological challenge to extract
useful information from a large set of datasets in environmental decision making process
(Runfola et al. 2017). With the help of geospatial techniques and a decision support system, our
model is able to represent hazard processes in a spatial platform and conduct analyses to
compare them. However, the final map should be interpreted carefully as we have used
qualitative criteria to classify the risk category from low to high.
Although our model was able to identify risky areas in the study area, it demonstrated
many challenges. Primarily, variables for such a data intensive model comprised of social, and
topographic data are available in various temporal and spatial scales, across units of analysis, and
in diverse data formats (Wilhelmi and Morss 2013). Social data are aggregated from the
household level and are represented in discrete administrative boundaries, such as the ward level
in our case, whereas topographic data such as elevation and rainfall are measured in continuous
surfaces at different time scales. In addition, local level geological data are not available for
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recent time periods and are measured in a different datum and coordinates than other recent
spatial data such as high resolution WorldView-3 images.
Our model is limited in many ways. It could not consider the cascading effects of a
hazard as it requires long term historic records of magnitude and intensity of the hazards. The
available historic records related to natural hazards from the city office of Dharan was total sum
of money either sanctioned for disaster mitigation work and/or compensation provided for a
household after a disaster in a particular year.
The outcome of this study and the methods herein have utility in urban development, land
use planning, and, most importantly, informed risk and policy planning at the local levels. GISbased models, such as the one presented here, are promising in data scare regions such as Nepal
and countries that make up the Himalayan belt, which encounter numerous natural hazards and
have poor record keeping systems. By overlapping the current administrative map, it is evident
that the newly developing settlement areas are under medium to high risk. As rural to urban
migration is ever increasing in Nepal, Dharan has a high demand for land to build, especially for
residential purposes. This study could assist local managers how to pursue local development
and shed light on risky areas in their jurisdiction.

6. Conclusion
This study offers a composite risk assessment model for the data scarce city of Dharan,
Nepal, based on geospatial data and techniques in combination with social data. This was
accomplished by assessing and combining risk from three natural hazards (landslides, floods, and
earthquakes) and subsequently merging the multi-hazard risk model with a social vulnerability
analysis to produce a composite risk map. The model is primarily based on publicly available
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remote sensing imagery and socioeconomic data collected through field work. Hence, this
method can be replicated in other data poor regions that are at risk to multiple natural hazards.
Additionally, results from this approach can assist decision makers to better understand risk and
design programs and policies to increase capacity and resilience.
Risk is dynamic as changes occur due to geophysical processes, human activities, and
their interactions. Hence, risk assessment should be measured routinely to capture changes in the
natural and social environments thus to delineate high risk regions, vulnerable populations, and
changes over time. One of the major challenges to risk quantification is inadequate long-term,
historical information on hazard occurrence. This could partially be addressed with the help of
satellite imagery, but the process can be tedious and sometimes not sufficient to accurately
model risk. Still, with the help of geospatial data and techniques, a risk assessment of multiple
hazards can be conducted and used to inform decision-making process.
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