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Abstract 

Water-related multi-hazards have devastating impacts on people around the world. 

Interdisciplinary research is required, especially in data limited lower- and middle-

income countries, on multiple hazards to improve our understanding of space-time 

patterns and controlling processes. In this thesis, a novel framework for studying water-

related multi-hazards in a sustainable development context is proposed which provides 

a powerful tool for analysis and knowledge advancement. Using Nepal as a case study, 

the framework is applied to investigate the patterns of (co-)occurrence and potential 

drivers of water-related multi-hazards. In addition, a narrative review is used to 

conceptualise social vulnerability and recognise the importance of a place-based 

approach to multi-hazard research. It was found that there is space-time variation in 

the occurrence and co-occurrence of water-related multi-hazards that appears to be 

driven by a combination of factors, including large-scale climate, local 

hydrometeorology, landscape characteristics, and anthropogenic activity. An 

evaluation of social vulnerability revealed that it is shaped by place-based issues, 

including coping strategies, and propagates from the intertwining of social and physical 

processes that arise from multiple scales. This new understanding has potential 

transferability to a range of multi-hazard contexts and settings worldwide and for use 

by stakeholders to reduce disaster risk and promote sustainable development.        
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Chapter 1 - Introduction 

1.1. Background and rationale 

In this thesis, the term ‘water-related multi-hazards' refers to hydrologically induced 

landslides and flooding. The co-occurrence of these hazards is common in many parts 

of the world, particularly mountainous regions where there are steep sided slopes and 

narrow river channels upstream and flat floodplains downstream (Bischiniotis et al., 

2018). There are many adverse social and economic effects caused by these hazards 

including death, injury, property damage, and disruption to agriculture (Cieslik et al., 

2019; Nayava et al., 2022). These issues are most pertinent in lower- and middle-

income countries (LMICs) where there are high levels of social vulnerability related to 

poverty, inequality, and illiteracy, in addition to the challenges presented within 

evolving governance systems (Samir, 2013; Vij et al., 2020). Furthermore, they create 

a barrier to development and restrict progress towards achieving the United Nations’ 

Sustainable Development Goals (UNISDR, 2015).  

There is often a data shortage in these countries due to a lack of resources and training 

(Butte et al., 2022) . This is evident in mountainous regions of LMICs where there is 

limited access for fieldwork (Jansky et al., 2002). This can be overcome by using 

publicly available hazard inventories and remote sensing (Froude and Petley, 2018; 

van Westen et al., 2014).  Water-related multi-hazards are related to hydrometeorology 

which is affected by changing climate and weather systems (Gallina et al., 2016; 

Nayava et al., 2022). Thus, we must further our knowledge and understanding of these 
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multi-hazards to reduce disaster risk and promote sustainable development in a rapidly 

changing climate.  

The current understanding of multi-hazards has developed over time. The “all-hazards-

at-a-place” approach, conceptualised by Hewitt and Burton (1973), was the first to 

consider the combination of all hazards within an environment. Lewis (1984) followed 

the same principles using the term “multi-hazard”. Since this time, there has been 

research on a whole suite of multi-hazards from coastal, volcanic, seismic, and 

mountain environments. Generally the term can be interpreted as the consideration of 

multiple hazards posing risk to a certain area under observation (Eshrati et al., 2015). 

Different multi-hazard relationships are described in the literature which all involve the 

co-occurrence of hazards. In some cases one hazard can be triggered by another in a 

domino or cascading effect (Eshrati et al., 2015). In other cases, the occurrence of one 

hazard significantly increases the likelihood of another. This can be termed a coupled 

multi-hazard interaction or an amplification relationship (Korswagen et al., 2019). In 

this relationship, the impact of subsequent hazards is dependent on the outcome of 

the first hazard (Korswagen et al., 2019). There are also compound hazards which are 

the simultaneous occurrence of multiple hazards. This coincidence of two independent 

hazards causes impacts greater than the sum of the two (Ciurean et al., 2018). 

Hazards can also occur cumulatively over time causing additive effects (Eshrati et al., 

2015). It must also be considered that the mitigation of one hazard by human 

intervention may intensify the impacts of another (Yousefi et al., 2020). 

There are a range of approaches to describe the relationships between multi-hazards, 

such as narrative descriptions (Han et al., 2007), hazard matrices (Gill and Malamud, 
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2014),  and network diagrams (van Westen et al., 2014). These methods are useful for 

understanding hazard interactions but give no evaluation of risk. 

A common approach to hazard risk assessment is the creation of hazard maps 

(Bathrellos et al., 2017; Johnson et al., 2016; Khaing et al., 2019; Shrestha, 2002). 

Individual hazard maps are created from GIS analysis and the weighting of various 

factors related to the likely occurrence of a hazard event  (Shrestha, 2002). In some 

cases these individual hazard maps are combined to produce multi-hazard maps 

(Bathrellos et al., 2017). These maps provide a valuable tool for locating areas with 

high levels of risk. However, they give no element of the timing of hazards and do not 

fully account for the key drivers (Khaing et al., 2019).  

Another approach to characterising multi-hazard environments is the development of 

hazard indices. Indicators related to exposure and sensitivity to hazards are 

standardised and then aggregated to give a multi-hazard impact index which can be 

used to explore the interactions between indicators that influence the index (Ciurean 

et al., 2018).  

Physical models have also been developed to understand multi-hazards and their 

interactions (Chen et al., 2021). Machine learning models, such as the generalised 

linear model (GLM) or the support vector machine (SVM), are often used to statistically 

analyse the different factors related to hazard occurrence (Yousefi et al., 2020). There 

are also probabilistic approaches which assess the likelihood of risk scenarios using 

differing levels of information regarding hazard interactions (Mignan et al., 2014). A 

limitation of these methods is that they are usually only applied to simulated 

environments, rather than actual geographic contexts. 
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There have been many studies using rain gauge data and satellite derived rainfall 

products that analyse the space time distribution of precipitation (Duncan and Biggs, 

2012; Krakauer et al., 2013). Kansakar et al. (2004) evaluated the spatial pattern of 

the precipitation regime in Nepal from weather station data and found that the 

movement of the South Asian Monsoon and the topography were key controls, but 

they did not relate this to the hazard occurrence. There are many other studies that do 

relate landslides or flooding to rainfall (Berti et al., 2012; Dahal and Hasegawa, 2008).  

The most commonly used tool for predicting the possible occurrence of a landslide or 

flood is rainfall threshold analysis (Golian et al., 2010; Martina et al., 2006; Segoni et 

al., 2018). In a study in China, Miao et al. (2016) established rainfall thresholds for 

flood warnings based on a hydrological model and Zêzere et al. (2015) used past 

landslide events in an analysis of landslide rainfall thresholds in Portugal. These 

studies provide information for the forecasting of single hazards but they do not relate 

precipitation trends to both landslides and flooding and therefore do not account for 

the co-occurrence and interactions between these hazards (Chen et al., 2016; Gaire 

et al., 2015). Furthermore, landslides and flooding are often analysed separately due 

to different hazard types requiring different methods of analysis and the difficulty of 

accounting for relations and interactions between them (Kappes et al., 2012).   

The concept of social vulnerability to multi-hazards has been reviewed extensively in 

the literature yet it is still poorly defined and broadly conceptualised (Cutter et al., 

2003). Blaikie et al. (1994) and Cutter (1996) are examples of publications which 

highlight the importance of understanding and evaluating the social vulnerability to 

natural hazards. In particular there is a lack of focus on social vulnerability to multiple 
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hazards which differs from the social vulnerability to single hazards (Drakes and Tate, 

2022).   

The inclusion of a social science perspective in the assessment of floods and 

landslides has become increasingly important (Xu et al., 2018). There are many 

theoretical and empirical approaches to the evaluation of social vulnerability (Blaikie et 

al., 1994; Guillard-Gonçalves and Zêzere, 2018). Several case studies in Nepal use 

social vulnerability indexing based on socio-economic factors (Aksha et al., 2019; 

Bista, 2019; Gautam, 2017). Gautam (2017) for example quantified social vulnerability 

in Nepal and found that the majority of the country has a moderate to high level of 

social vulnerability. Aksha et al. (2019) used social vulnerability indexing to analyse 

the spatial vulnerability to natural hazards across Nepal. These analyses are valuable 

at the broad scale but do not account for the specificity of places. The concept of place 

and place-attachment are imperative to understanding how people cope with the 

challenges of multi-hazards (Swapan and Sadeque, 2021). 

The ‘disaster pressure and release’ model devised by Blaikie et al. 1994 suggests ways 

in which both social and natural processes can be combined (Wisner, 2004). However, 

there are still gaps in the existing knowledge surrounding the interconnections between 

social vulnerability and the physical environment. Therefore, it is important to 

understand the space-time patterns of these multi-hazards in relation to 

hydrometeorological drivers and basin properties, in addition to recognizing the 

importance of social vulnerability in a place-based approach.  
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As such, this is an interdisciplinary thesis that synthesises both environmental and 

social aspects in our evaluation of water-related multi-hazards using Nepal as a case 

study.  
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1.2. Nepal case study 

In Nepal, multi-hazards cause over 100 fatalities and millions of pounds worth of 

infrastructure damage each year (Adhikari and Adhikary, 2019). Thus, research on 

multi-hazard processes and social vulnerability has important implications for policy 

and decision making in this country. Other reasons why Nepal is chosen as an ideal 

case study include: 

1) Nepal has a high exposure to water-related multi-hazards. 

2) The presence of the South Asian Monsoon brings extreme and variable 

hydrometeorology which allows the analysis of rainfall signatures and the effect 

they have on water-related multi-hazards. 

3) Nepal has complex topography with steep sided mountains and wide flat 

floodplains. This diverse geomorphology acts as a model for mountain research 

globally. 

4) Nepal is a LMIC ranked 143/189 countries (GoN, 2017a). As such, this research 

demonstrates how to overcome the limited access and availability of data. 

Many mountainous regions around the world have a high exposure to water-related 

multi-hazards including other parts of the Himalayas in India and China, or other 

mountain ranges like the Alps, the Andes, and the Rocky Mountains. While regions like 

the Alps see localised landslides and regions of India face occasional large flood 

disasters, Nepal faces more frequent medium-scale flood and landslide events during 

the monsoon providing good disaster data. Landslide and flood monitoring are more 

advanced in regions like Switzerland, Canada, or the United States unlike Nepal where 

hazards can be more destructive and fatal. Nepal has the combination of poorer 
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infrastructure, challenging terrain, lack of financial resources, and governance 

challenges that amplify disaster impacts relative to other mountain communities in 

richer countries. 

In summary, while many mountain regions face natural hazard risks, Nepal’s 

convergence of physical and social vulnerability make it one of the most complex, risky 

and compelling locations for in-depth disaster research aimed at saving lives and 

climate change adaptation. 
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1.3. Research gaps 

Analysis of the multi-hazard literature in Chapter 2 identified four main research gaps 

which have been addressed throughout the thesis:  

Research gap 1: Analytical framework for understanding water-related multi-

hazards in a sustainable development context 

One of the challenges to date is that there is not an appropriate framework to 

investigate, measure, and model multi-hazards and think beyond the environmental 

phenomena to include the social vulnerability aspect. This framework would need to 

outline and recommend a methodology for achieving a place-based approach to multi-

hazard research. This is addressed in Chapter 2 with the development of a framework 

for understanding water-related multi-hazards in a sustainable development context. 

Research gap 2: Single hazard approaches dominate the field 

Landslides and flooding co-occur in many parts of the world, particularly mountainous 

regions (Bischiniotis et al., 2018). Work on these two hazards is often separated into 

landslide research (Hovius et al., 1997; Kirschbaum et al., 2020; Petley et al., 2007) 

and flood research (Adhikari et al., 2010; Gain et al., 2008). In 2015, the United 

Nations’ Sendai Framework for Disaster Risk Reduction (SFDRR) called for a multi-

hazard approach (UNISDR, 2015). This is vital in furthering our understanding and 

insuring there is not an underestimation of disaster risk. Thus, there is a need to 

analyse the co-occurrence of landslides and flooding as multi-hazards. This is 

recognised and addressed in all four of the core chapters. 
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Research gap 3: LMICs are lacking comprehensive research 

Less research has been conducted in LMICs due to a lack of resources and restricted 

access to remote environments for primary data collection. Using Nepal as a case 

study in Chapters 3, 4, and 5 demonstrates work in data-scarce regions of the 

developing world. 

Research gap 4: Interdisciplinary research is required 

Social relations and the physical environment of multi-hazards are in dialectical tension 

and must be understood together. This is conceptualised in Chapter 5 with an analysis 

of social vulnerability and the outlining of a place-based approach. 
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1.4. Research objectives 

The overarching aim of the thesis is to better understand water-related multi-hazards 

in a sustainable development context. This will be achieved according to the following 

four objectives: 

1. To develop a framework for understanding water-related multi-hazards in a 

sustainable context. This will be addressed in Chapter 2. 

2. To investigate the patterns of water-related multi-hazard occurrence and co-

occurrence in Nepal. This will be addressed in Chapter 3. 

3. To determine the hydrometeorological drivers and river basin controls related to 

multi-hazards. This will be addressed in Chapter 4. 

4. To conceptualise social vulnerability to multi-hazards and outline a place-based 

approach. This will be addressed in Chapter 5. 
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1.5. Thesis structure 

This thesis is made up of six chapters which are interlinked as shown in figure 1.1. 

 

Figure 1.1. Schematic diagram of the thesis structure. The red boxes show each of the chapter titles and the blue 
arrows show the interconnections between those chapters. 

Chapter 2 presents a framework developed from a bibliometric analysis of the literature 

and a critical evaluation of existing approaches. This framework forms the backbone 

to the thesis which is followed in the subsequent chapters.  

Chapters 3, 4 and 5 are the core research chapters of the thesis. Using Nepal as a 

case study, Chapter 3 evaluates the patterns of multi-hazards and investigates the 

causative factors related to water-related multi-hazards. Chapter 4 zooms in on this 

analysis and looks closer at the hydrometeorological drivers and river basin controls 

that influence the occurrence and co-occurrence of water-related multi-hazards in 

Nepal. This research has the potential to provide guidance for future modelling and 

prediction. 
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The concept of social vulnerability and the approaches used to quantify it were 

analysed in Chapter 5 along with a focus on a place-based approach. This chapter 

outlines the reasons for considering communities and the importance of place in multi-

hazard research. 

Chapter 6 concludes the thesis by modifying the framework, synthesising the findings 

of the core chapters, and providing recommendations for future research.  

The results of this thesis have wide applicability for disaster risk reduction and climate 

change adaptation. Some of the key benefits and applications are improved disaster 

preparedness, risk informed development, and community resilience. The knowledge 

and understanding obtained from this thesis can also be used for modelling and 

prediction.  

In addition, this work has the potential to be applied to other multi-hazard combinations 

and geographical settings thus reducing disaster risk globally. 
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1.6. Chapter summary 

This chapter has introduced the research theme and provided some background on 

water-related multi-hazards. Research gaps and objectives have been listed that will 

be addressed in the subsequent chapters as outlined in the thesis structure (Fig. 1.1). 

Chapter 2 undertakes a bibliometric analysis and develops a framework for 

understanding water-related multi-hazards in a sustainable development context. The 

research in Chapter 2 “A framework for understanding water-related multi-hazards in 

a sustainable development context" was published in Progress in Physical Geography, 

this research was also presented in workshops and conferences. The paper can be 

found at this link: https://doi.org/10.1177/0309133319900926  

  

https://doi.org/10.1177/0309133319900926
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Chapter 2 - A framework for understanding 

water-related multi-hazards in a sustainable 

development context 

Note, this research has been published in Progress in Physical Geography 

(Docherty et al., 2020). The publication can be found in the appendix as in this 

chapter there have been some modifications to the text. 

2.1. Abstract  

Hazards often do not occur in isolation, and, for this reason, a multi-hazard approach 

is vital in realising their impact and providing solutions for disaster risk reduction and 

sustainable development. In this chapter, we present a novel framework that was 

developed from a bibliometric analysis of the multi-hazard literature and a critical 

appraisal of the existing approaches. It was found that multi-hazard research has 

expanded greatly over the last 20 years furthering our understanding of the subject 

with important applications in risk assessment and management. These studies have 

contextualised multi-hazards, developed models and frameworks to analyse them, 

provided case studies to test multi-hazard-based approaches, and latterly produced 

reviews. It was found that landslides and flooding commonly co-occur within the 

bibliographic dataset yet understanding of their interactions, hydrometeorological 

drivers and landscape controls remain poorly conceptualised. Therefore, we propose 

a new framework for investigating water-related multi-hazards that leverages and 
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synthesises existing methods to address the challenges identified to date.  We also 

found a geographical bias, with less multi-hazard research in lower- and middle-

income countries and remote environments due to data scarcity and limited 

accessibility. Our framework therefore includes the ability to address geographically 

specific key considerations including available and accessible data, community 

variability and cross-sectoral collaborations. In doing so it offers guidance on 

structuring future analyses to improve our understanding of multi-hazards, reduce 

disaster risk, increase community resilience, and make progress towards sustainable 

development. The framework will be used throughout the rest of the thesis with a focus 

on Nepal as a case study region. 
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2.2. Introduction 

Natural hazards have devastating economic, societal, and environmental impacts 

around the globe (UNISDR, 2015). It has become widely accepted that hazards do not 

occur in isolation and this realisation is vital in furthering our understanding of natural 

hazards (Gill and Malamud, 2014). Multi-hazard research is the study of multiple 

hazards and their interactions within a defined time and space (Kappes et al., 2012). 

Hewitt and Burton (1973) first proposed the concept of investigating all hazards and 

environmental parameters within a hazardous environment, followed over a decade 

later by Lewis (1984) who used the term ‘multi-hazard’ in the analysis of hazards, 

namely the combination of earthquakes, droughts, and hurricanes in Antigua. These 

papers set the foundation for a holistic approach to multi-hazard research, in which all 

hazards are considered together.  

Through time, multi-hazard research has evolved with valuable contributions made 

from a number of disciplinary perspectives. In more recent years, social vulnerability 

of affected populations has been included in the assessment and management of 

natural disasters (Blaikie et al., 1994; Cutter, 1996). This research has resulted in an 

extensive literature, emphasising the need to consolidate findings and identify gaps in 

existing research through meta-analysis.   

Crucial here is enhancing our knowledge of multi-hazards given their role in 

exacerbating development challenges faced by lower- and middle-income countries 

(LMICs). These challenges are often intensified by the impacts of intersecting natural 

hazards, meaning that progress towards achieving the United Nations’ Sustainable 

Development Goals must involve a comprehensive understanding of multi-hazards, as 
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outlined in the Sendai Framework for Disaster Risk Reduction (SFDRR) (UNISDR, 

2015). LMICs are impacted most heavily due to high levels of vulnerability related to 

poverty, inequality, and illiteracy, in addition to the challenges presented within 

evolving governance systems (Keating et al., 2017). Furthermore, in LMICs, there is a 

lack of resources and training restricting the quantity and quality of data obtainable 

(Johnson et al., 2018; Zogheib et al., 2018). This data shortage leads to a paucity in 

knowledge and understanding (Barrantes, 2018; Uprety et al., 2019). 

The threat of climate change further exacerbates these uncertainties, in particular 

highlighting the increasing dangers of hazards related to hydrometeorology (Gallina et 

al., 2016; Hannah et al., 2005). Water-related hazards, such as hydrologically induced 

landslides and flooding, are among the most destructive of these hazard types 

(Emerton et al., 2016; Shen et al., 2018). A better understanding of water-related multi-

hazards is thus vital for implementing effective evidence-based policies for disaster 

risk reduction, an issue that is particularly pertinent in LMICs (Mignan et al., 2017). 

However, notwithstanding these geographically defined effects, the fact remains that 

existing multi-hazard frameworks often fail in characterising the space and time 

dependent dynamics of the environment and do not always consider the people and 

places that are affected (Haughton and White, 2018; Pescaroli and Alexander, 2018). 

Consequently, we argue that it is vital to develop innovative approaches to analysing 

multi-hazards capable of comprehensively investigating water-related multi-hazards in 

data-scarce regions of LMICs.  

This chapter aims to progress geographic research by yielding valuable knowledge on 

the current state of work using the term ‘multi-hazard’, in line with the call for a multi-
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hazard approach in the SFDRR. We have undertaken this task through a structured 

bibliometric analysis, which provides insights and identifies trends and gaps within a 

defined literary sample by classifying publications according to factors, such as 

distributions, focus and authorship (Gao and Ruan, 2018). 

The result of these investigations underpins the development of an innovative 

framework that seeks to advance understanding of multi-hazards in a sustainable 

development context. Our framework is novel in that it takes a place-based approach 

to address the full complexity of a multi-faceted system and unites theories and 

methodologies from differing perspectives and skillsets overcoming the challenges and 

limitations of multi-hazard research. 
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2.3. Data and methods 

For this chapter, bibliometric analysis techniques, adapted from previous studies, were 

applied in order to understand the scope and evaluate trends in the multi-hazard 

research (Karpouzoglou et al., 2016; Stewart, 2011; Xu et al., 2018). The literature was 

distilled to provide a representative sample and analysed according to application and 

orientation, collaborative networks and their temporal, spatial, economic, and 

environmental distribution (Fig. 2.1). The spatial, economic, and environmental 

distribution were investigated to discover areas that have been less intensively studied, 

whilst term co-occurrence maps were used to analyse the focal topics of the research. 

The outcomes of this analysis provide the evidence base to re-think and focus a new 

framework. 
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Figure 2.1. Schematic flow diagram of the selection of bibliometric data sets and analysis performed in 2018. The 
blue boxes indicate data sets, the red boxes are actions taken to filter those data, and the green boxes show the 
analysis undertaken. The results of this analysis cannot be repeated due to the timing of the publications and the 
availability of software.  

The Web of Science Core Collection database was used to find the available academic 

literature in the area of multi-hazard research. The initial search used the term ‘multi(-

)hazard(s)’ in the topic of the publications and  generated a raw data set of 602 results 

starting with the first paper to mention multi-hazards (Lewis, 1984), extending to 2018, 

the most recent at the time of the search [data accessed 14/01/2019]. The results were 

read, evaluated, and filtered according to a set of selection criteria; publications were 

only included if the term multi-hazard was present in the title, abstract and/or key 

words, the hazards mentioned could be categorised as natural or anthropogenic and 

the publications were relevant to understanding multi-hazards and/or disaster risk 

reduction. From the raw data, 60% of publications were excluded as they were related 



 Chapter 2 - Framework 

22 

 

to healthcare, social care, terrorism, and infrastructure reinforcement. Additional key 

references in the field, not identified through the initial search, but highly cited within 

the remaining publications were added subsequently following the methods of 

Karpouzoglou et al. (2016). This included Hewitt and Burton (1973), a highly cited 

paper describing the concept of ‘all-hazards-at-a-place’ without using the term ‘multi-

hazard’ and a number of highly cited papers using the synonyms, cascading and/or 

compound hazards. This protocol narrowed the dataset to publications specific to this 

study and key to developing a new framework for disaster risk reduction.  

The resulting 241 papers formed the bibliographic data set which was first analysed 

according to temporal distribution. Number of publications through time, based on the 

year of publication, were plotted to investigate the temporal trend from 1998 - 2018. 

This time frame was selected because only two articles were published before 1998, 

namely Hewitt and Burton (1973) and Lewis (1984). These have not been included in 

this sample due to the sparse level of publication between 1971 and 1998 as single 

hazard approaches were dominating the field. 

Of the 241 publications, 188 were research articles set in specific case study locations. 

The 46 remaining publications included comparative studies, broad scale global 

analysis and conceptual review papers. Case studies were identified individually by 

finding and noting references to study locations and also the location of the institute 

conducting the research. This generated data to analyse the spatial distribution and 

economic level of the case study areas and a comparison with where the researchers 

had published. The level of economic development of each country was based on the 

World Bank 2018-2019 country classifications (World Bank, 2018). The information on 
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study location was coupled with the location of publication to evaluate global north to 

global south distributions in research.  

The bibliographic data set of 241 papers was also analysed according to overall focal 

topic. This was done by creating a term co-occurrence map based on text data, 

generated using VOSviewer version 1.6.9 (van Eck and Waltman, 2018). The minimum 

number of occurrences of a term was set to 10 and of the 15,080 terms detected, 237 

met this threshold. Irrelevant terms, such as case study locations, highly cited author 

names, journal titles and words present in all texts were filtered before the map was 

generated. 

In addition to finding these trends, the identified literature was also critically analysed 

to evaluate the key themes, major challenges, and existing approaches. The literature 

attributes from nine highly cited publications were identified and displayed in table 

form. The analysis of this data using the methods stated was intended to provide a 

comprehensive overview of the multi-hazard literature and identify the challenges and 

key considerations for developing a framework. 
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2.4. Bibliometric analysis and interpretation 

2.4.1. Spatial and temporal distribution 

The temporal distribution of publications related to understanding multi-hazards and 

disaster risk reduction between 1998 and 2018 is shown in Figure 2.2. Although single 

hazard approaches still dominate the field, we find an overall increasing trend in multi-

hazard publications over this 20-year period characterised by a slow progression 

between 1998 and 2010 followed by a marked increase. This is a significant trend 

considering that the total number of publications has also increased through time. The 

scientific community gradually began to focus on multi-hazards from around 2003, 

Kappes et al., (2012) defined the term multi-hazard, which made a significant impact 

on the temporal distribution of the literature (Fig. 2.2). The introduction in 2015 of the 

SFDRR, which calls for a ‘multi-hazard’ approach in relation to disaster risk reduction, 

may have had some impact on increasing multi-hazard publications as there is a sharp 

increase from 2015 to 2016 (Fig. 2.2). In 2018 alone, 57 articles were published related 

to understanding multi-hazards and disaster risk reduction. 
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Figure 2.2. Temporal distribution of reviewed multi-hazard publications between 1998 and 2018. The red bar shows 
the Sendai Framework for Disaster Risk Reduction (SFDRR). 

We identify a number of reasons for the increase in the number of publications on this 

topic over the past 20 years, indicating the increasing recognition and importance of 

investigating multi-hazard environments. Climate change, increasing climate variability 

and the occurrence of extreme events linked often to devastation to human 

environments has encouraged research on natural hazards (Sullivan-Wiley and 

Gianotti, 2017). In addition, over time, there has been increased understanding that 

hazards do not tend to act in isolation and thus a multi-hazard approach is required. 

This has been internationally recognised and published in strategy and policy 

documents, including the SFDRR (UNISDR, 2015). It must also be noted that the rate 

of publication has increased with time and may also be responsible for the trend.   

Analysing the spatial distribution of multi-hazard case studies shows that the highest 

density is in Europe, representing 30% of all studies (Fig. 2.3). The countries with the 
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highest total number of case studies are China, USA, Italy, and India. Further analysis 

of the localities shows the majority of research has taken place in higher-income 

countries (HIC) rather than those with a lower income (Fig. 2.3). Authorship analysis 

showed that in 66% of the publications the area studied is in the same country as the 

institute of the first author. This indicates that research has tended to be conducted by 

local researchers, rather than an international focus from countries in the global North 

on countries in the global South. 

 

Figure 2.3. Spatial distribution of multi-hazard case studies and chart of case studies by level of economic 
development. The countries were classified according to the World Bank 2018-2019 as high-income countries 
(HICs), upper- and middle-income countries (UMIC), lower- and middle-income countries (LMICs), and low-income 
countries (LICs). 

This analysis shows that multi-hazard environments in HICs have been studied more 

intensively than those in LMICs. However, it is possible that the size of the country 

could reflect the number of publications, nevertheless it still remains that LMICs like 

Nepal have a high number of publications especially considering size. Our analysis 

suggests that this results from there being a higher quantity of reliable data available 

in HICs and that in these countries it is easier to access remote areas and conduct 
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fieldwork for sourcing primary data (Petley, 2010). Thus, we argue that we need to 

balance the spatial distribution of multi-hazard research and ensure that the 

understanding of hazard-prone environments in LMICs is not limited by access and 

availability of data. 

In addition, channels of communication between citizens and authorities are better 

developed in HICs, resulting in a greater response to knowledge generated for disaster 

risk reduction (McCallum et al., 2016). These data-intensive and cooperative systems 

have enabled most communities in HICs to develop strategies for coping with natural 

hazards and building the resilience for effective recovery. This must be a priority 

outcome for development of a framework focused on remote data-scarce regions of 

LMICs. 

2.4.2. Focal topics 

Analysis of the occurrence of frequently used terms within the text data is useful for 

realising the key focal topics within the refined literature. A term co-occurrence network 

diagram and a chart of the most frequently occurring hazard terms based on text data 

from the refined data set is shown in Figure 2.4. The different colours on the diagram 

show three distinct clusters of related terms. In red, we have key quantitative methods 

and techniques for addressing disaster risk reduction, namely ‘GIS’, ‘remote sensing’, 

‘probability’, ‘model’ and ‘mapping’, which have strong linkage with the hazards 

‘volcano’ on one side and ‘tsunami’, and ‘storm surge’ on the other. At the top of the 

diagram, the blue cluster with multiple linkages across the figure sets out instrumental 

hazard terms ‘earthquake’, ‘landslide’, ‘flood’, and ‘fire’, which are strongly linked to 

‘multidisciplinary’ and ‘response’. On the right-hand side of the diagram there is the 
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green cluster which highlights critical social themes including ‘education’, ‘community’, 

‘vulnerability’, ‘resilience’, ‘exposure’, and ‘adaptation’. Within this green cluster, 

‘climate change’ and ‘drought’ are highly linked with these themes. 

 

Figure 2.4. Term co-occurrence network diagram based on text data and chart of the most frequently occurring 
hazard terms. The boxes represent frequently occurring terms and the lines that link the nodes represent the co-
occurrence of terms within publications. The position of terms within each of the coloured clusters shows that these 
terms are strongly linked, appearing in publications together, and relating to each other.   

Investigation of the occurrence of individual hazard terms at a minimum of five 

occurrences showed that the terms ‘earthquake’, ‘flood’, and ‘landslide’ had the highest 

number of occurrences and were closely related. The terms ‘flood’ and ‘landslide’ have 

a high link strength, which means that they often occur in the same articles. This 

indicates that much of the multi-hazard literature focuses on these hazards and regions 

where they are both present. 

The focal topics of the bibliographic data therefore fall into different disciplines and 

categories. We argue that these themes are important to disaster risk reduction and 
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must be brought together and considered from the outset in the development of our 

framework.  

Hazard term analysis has highlighted that hydrometeorological processes, specifically 

landslides and flooding, were highly occurring hazards and strongly linked. Landslides 

and flooding have a strong linkage because they have a number of factors in common. 

They occur side by side in mountainous regions and often affect the same populations, 

the combined force of these two hazards leads to the highest level of economic 

damage and mortality (Shen et al., 2018). Both hazards are driven by precipitation and 

controlled by the landscape properties, yet there remains a poor understanding of the 

direct correlation and information on how they interact (Devkota et al., 2014; 

Kirschbaum et al., 2012). Climate change is associated with more severe weather 

events, which is likely to increase the devastation caused by flooding and 

hydrologically induced mass movements in the future. We argue that it is necessary to 

better understand the processes related to landslides and flooding in order to mitigate 

this risk. Thus, we have focused our framework on understanding water-related multi-

hazards. 

The critical analysis also found that there were many publications focused on the 

distribution of landslide events and the thematic grouping of different types of mass 

movements, in which flooding did not feature (Chen et al., 2016; Galli et al., 2008).  In 

some cases, this was because the one occurs without the other as is the case in many 

regions, such as parts of the Alps and Pyrenees (Papathoma-Köhle et al., 2011; 

Turconi et al., 2015). van Westen et al (2014) effectively group and analyse rock falls, 

debris flows, surficial landslides, and slow-moving landslides separately. This has a 
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significant impact on our understanding of multi-hazards and implications for disaster 

risk reduction and therefore must also be a consideration within our framework.  

Much of the research centred around landslide-prone areas of south Asia focus 

predominantly on landslide risk (Berti et al., 2012; Dhital et al., 1993; Kucera et al., 

2012; Petley et al., 2007). Within these complex systems, antecedent rainfall 

accumulation and previous hazard occurrence can be responsible for priming more 

hazards (Ruiz-Villanueva et al., 2017). For example, the gravitational mass movement 

of water-logged slopes, slope instability caused by undercutting by floodwaters, and 

sediment-dammed landslide lake outburst floods (Allen et al., 2016). Other significant 

drivers include earthquake occurrence, over-grazing and vegetation removal, land-use 

change and the construction of infrastructure such as roads (Dai et al., 2002; 

Sudmeier-Rieux et al., 2019). There is a gap in the literature in which to explore the 

co-occurrence of both landslides and floods and a new framework is required to further 

our knowledge by identifying rainfall signatures driving these multi-hazards and 

evaluating the extent to which basin characteristics moderate the landscape response. 

2.4.3. Literature attributes 

Attributes of the literature were analysed according to a set of comparison criteria. The 

following tables display this analysis with five examples of the most highly cited review 

papers (Table 2.1) and four examples of highly cited case studies from the multi-hazard 

literature (Table 2.2). 
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Table 2.1. Literature attributes table comparing key multi-hazard reviews using a set of comparison criteria. 

Multi-hazard review Methods or model applied Strengths and challenges 

Blaikie et al. (1994) ‘Disaster pressure and release’ model. Recognises and outlines that there is both a 
socio-economic and natural side to disasters. 

Does not outline multi-hazard approach yet has 
potential to be applied to multiple hazards. 

Cutter, (1996) ‘The hazards of place’ model of vulnerability. Considers hazard potential from geographical 
context and social vulnerability. 

Although facilitating multi-hazard approaches, 
there is no insight into multiple hazard 
interactions. 

Kappes et al. (2012) Examining hazard interactions through binary and 
descriptive matrices.   

Defines and calls for an integrated multi-hazard 
approach. 

Does not consider people and place, although has 
the potential to be applied to multidisciplinary 
frameworks for understanding multi-hazards. 

Gill and Malamud (2014) Identification and visualisation of hazard 
interactions. 

 

Supports a wider understanding of interactions, 
although is restricted to sequential or cascading 
hazards. 

Does not consider people and place, although has 
the potential to be applied to multidisciplinary 
frameworks for understanding multi-hazards. 

Pescaroli and Alexander 
(2018) 

Scenario building and vulnerability assessments. 

Identification of thresholds/tipping points. 

Supports an understanding and visualisation of 
the build up to high impact events considering 
societal consequences. 
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Table 2.2. Literature attributes table comparing key multi-hazard case studies according to a set of comparison criteria. 

Multi-hazard case 
study 

Location Methods or model 
applied 

Strengths and challenges 

Hewitt and Burton 
(1973) 

Ontario, Canada ‘All hazards at a place’  

Multi-hazard mapping  

Holistic approach to natural hazards in which 
human response is also incorporated. 

Provides good foundation although specific 
techniques are now dated. 

Carreño et al., (2007) Bogota, Colombia 
and Barcelona, 
Spain 

Multi-hazard assessment 
based on physical and 
socioeconomic indicators. 

Multi-disciplinary evaluation that considers direct 
physical damage and social fragility. 

Indicators are applied to single hazards and then 
combined which does not allow for 
interactions/feedbacks between hazards. 

Bathrellos et al., (2017) Peloponnesus, 
Greece 

Multi-hazard susceptibility 
mapping. 

 

Comprehensive spatial representation of multiple 
hazards but does not consider the social fabric. 

Overlapping hazards opposed to understanding 
and representing hazard interactions in time and 
space. 

Depietri et al. (2018) 

 

New York City, USA Multi-hazard vulnerability 
mapping with socio-
economic indicators based 
on surveys and weighting 
from local expert opinion. 

Strong contribution specific to urban multi-hazard 
situation. 

Overlapping hazards rather than integrated multi-
hazard approach, therefore does not consider 
interactions/cascades between hazards. 
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The approaches to multi-hazard research have been reviewed extensively (Gill and 

Malamud, 2014; Kappes et al., 2012; Pescaroli and Alexander, 2018). It was found 

that all the review papers in Table 2.1 call for an integrated multi-hazard approach or 

have the potential for this approach to be applied. The selection of example review 

papers range in their focus from Blaikie et al (1994) and Cutter (1996) in which social 

vulnerability is given an equal importance to the geographic context, to Kappes et al 

(2012) and Gill and Malamud (2014) which focus more on the quantitative methods of 

understanding multi-hazard interactions.  

Kappes et al (2012) focuses multi-hazard research on an all-inclusive examination of 

the whole range of natural hazards present. Gill and Malamud (2014) provide a 

network for visualising cascading interactions between 21 natural hazards. These 

include earthquake, tsunami, volcanic eruption, landslide, snow avalanche, flood, 

drought, regional subsidence, ground collapse, soil (local) subsidence, ground heave, 

storm, tornado, hailstorm, snowstorm, lightning, extreme temperature (hot), extreme 

temperature (cold), wildfire, geomagnetic storm, and impact event, which are divided 

into six major hazard groups, namely geophysical, hydrological, shallow earth 

processes, atmospheric, biophysical, and space. This concept is explored further in 

Gill and Malamud (2017), in which 18 anthropogenic process types are combined into 

the matrix, examples include groundwater abstraction, material injection, vegetation 

removal, infrastructure construction, chemical explosion, and fire. These more 

quantitative papers lack a social vulnerability component, however the mathematical 

principles can be used in the application of a multidisciplinary framework for 

understanding multi-hazards. Pescaroli and Alexander (2018), the most recent review, 

takes a holistic approach and supports an understanding and visualisation of the build 

up to high impact events considering societal consequences.  
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In most circumstances the key information required for disaster risk reduction are 

predictions of where, when, and the magnitude of the hazard extent (W. Liu et al., 

2018). GIS hazard maps are a useful tool for communicating the intensity and 

distribution of ‘risky spaces’ (Haughton and White, 2018). They provide a visual 

representation of hazard predictions that can be used for implementing policy 

(Carpignano et al., 2009). Furthermore, Early Warning Systems (EWS) inform people 

at risk of natural hazards in advance of an event, giving people time to prepare and/or 

evacuate. They are based on the identification of threshold criteria for failure, 

according to the Cumulative Act Effect Model also known as the Swiss cheese model 

(Reason, 1990). In this model, when multiple factors align in a specific way, a reaction, 

in this case a hazardous event, is likely to take place. Real-time and historical data 

sets can be used to identify the points at which the environmental and societal data 

reach a tipping point at which these events occur. These resources are important for 

building community resilience and disaster preparedness (Gautam and Dulal, 2013; 

Pei et al., 2014; Smith et al., 2017). 

Hewitt and Burton (1973) and the other case study papers outlined in Table 2.2 use 

multi-hazard mapping. These provide an effective spatial representation to predict the 

timing and impacts of multiple hazards, however this layering of multiple hazards does 

not promote an understanding of the complex interactions and cascades between 

hazards. There needs to be a framework which supports an integrated multi-hazard 

approach in which the feedbacks and interactions between hazards are understood.  

The social vulnerability  of the affected people must also be understood and analysed 

within a new framework according to existing analytical methods (Gautam, 2017; 

Shrestha, 2002). Blaikie et al (1994) introduced the ‘pressure and release’ model 
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which explains the preliminary driving processes that give rise to vulnerability in 

hazardous settings, for example exposure. Cutter (1996) builds upon this in the 

‘hazards of place’ model in which the social fabric is explored in more depth and 

related to the geographic context. In this model, the vulnerability is not fixed in time 

and can adjust according to changes in the risk, mitigation, and context of the 

environmental hazards. This literature will be explored further in Chapter 5.  

Concurrently, we argue that physical attributes of multi-hazard environments must be 

investigated alongside their interactions with people and place (Aksha et al., 2018; 

Cutter et al., 2008). The value of bringing the physical and social together in this way 

gains a better understanding of the actualisation of hazards as risky events for different 

social groups in particular places. Hazard mortality and level of economic damage can 

be used for spatially and temporally representing the intensity and frequency of 

hazards and how they correlate (Mysiak et al., 2018; Skilodimou et al., 2019). This can 

be combined with social vulnerability indexing from socio-economic and demographic 

data to better understand the relative vulnerability to environmental hazards (Cutter et 

al., 2003). On a broader scale, power relations, prevailing social structures, access to 

resources, political influences, and socio-economic development of a place are all 

factors that underlie vulnerability to natural hazards and therefore must also be 

considered (Blaikie et al., 1994; Pescaroli and Alexander, 2016). In particular, a 

framework is required to build upon these place-based approaches and provide new 

insights into multi-cascading risky events like landslides and flooding. 
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2.5. The need for an analytical framework 

The preceding analysis strongly suggests that there is a need for developing an 

alternative framework for investigating water-related multi-hazards, based upon the 

identification of specific key factors. Bibliometric analysis and critical evaluation of the 

literature identified a growing focus on multi-hazard research and a shift towards multi-

disciplinary approaches in which the social vulnerability of the impacted people are 

given an equal platform to the drivers of hazards within the environment (Beccari, 

2016; Birkmann, 2006; Cutter et al., 2003; Rufat et al., 2015). There were two 

significant research gaps identified. The first is that there is less multi-hazard research 

in LMICs and remote environments due to data scarcity and limited accessibility. The 

second is that there is a limited understanding on the interactions between water-

related hazards, specifically landslides and flooding, their hydrometeorological drivers 

and other controlling factors. Thus, the development of a new framework must build 

upon these multi-disciplinary approaches with a fresh perspective on landslides and 

flooding whilst addressing the challenges of work in remote data-scarce mountainous 

regions.  
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2.6. A multi-hazard framework 

Drawing on the preceding analysis and focused on water, we propose a novel 

framework offering a comprehensive understanding of multi-hazards in a sustainable 

development context (Fig. 2.5). The framework foresees contributions from multiple 

academics from varied disciplines, non-governmental organisations (NGOs), national 

and local government bodies, impacted communities, and other end-users. From the 

outset, both quantitative physical science and qualitative social science methods are 

combined to generate actionable knowledge for multi-hazard mitigation and 

adaptation. 
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Figure 2.5. A schematic overview of the proposed framework for understanding water-related multi-hazards in a 
sustainable development context. The bullet points show respectively the information required, methods of 
collection, methods of analysis, and the key knowledge points that lead to a place-based approach to multi-

hazard modelling and prediction. 
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The main pillars of the framework are the parallel themes of ‘Hazards and 

Environment’ and ‘People and Place’ that essentially encompass both quantitative and 

qualitative analytical methods of the driving forces of natural hazards and the risk that 

they pose. This relies on bringing together different data sources for analysis based 

on two key principles, namely understanding drivers of multi-hazards and modifiers of 

landscape response and understanding and co-designing locally appropriate 

strategies to mitigate social vulnerability to multi-hazards. Addressing these different 

principles in a systematic and coordinated way gives a place-based approach to multi-

hazard modelling and prediction. We contend the utilisation of this framework would 

lead to multiple benefits for disaster relief agencies, governments and communities 

directly affected by multi-hazards.  

2.6.1. Hazards and Environment 

This pillar involves contextualising the hazards and environmental parameters within 

the physical setting based on the obtainable data, focused on investigating 

hydrologically induced landslides and flooding.  

In LMICs there is a need for advancing technologies for data collection and 

processing, such as low-cost sensors, public domain datasets and new information 

communication technologies (ICTs) (Abdulwahid and Pradhan, 2017; Kucera et al., 

2012; Zogheib et al., 2018). Our framework achieves this by developing and 

integrating information from various sources on multiple scales.  

This pillar is broken down into ‘information’, ‘collection’ and ‘analysis’ sub-tasks using 

methods and techniques already widely used within the hazards literature (Allen et al., 

2016; Dahal and Hasegawa, 2008).  
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Rainfall, the main driver of these systems, can be assessed according to various 

characteristics including magnitude, frequency, duration, and antecedent rainfall 

accumulation (Kansakar et al., 2004). For example, satellite rainfall products, such as 

the Tropical Rainfall Measuring Mission (TRMM) can be openly accessed and used to 

analyse broad scale rainfall distributions (Duncan and Biggs, 2012; Krakauer et al., 

2013). Weather station data and rain gauges can be used to gather real-time high-

resolution rainfall data which can be used to calibrate these products and provide 

detailed analysis (Overton, 2009; Prakash et al., 2016). Hydrological data from rivers 

can be gathered using field observations and river flow archives (where available) and 

can be used to assess past hydrological variability (Hannah et al., 2005). Field and 

satellite observations can be taken to analyse the river basin controls, such as 

elevation, slope, river density, and land cover. Time lapse analysis of these images 

can be used to investigate changes in the floodplain and slope vegetation and channel 

morphology. Hazard inventories based on satellite imagery and field mapping are used 

to account the timing and spatial extent of natural hazards within the system (Adhikari 

et al., 2010; Kirschbaum et al., 2015). The integration of this meteorological, 

hydrological, landscape, and hazard information enable an understanding of the 

sensitivity of water-related multi-hazards, providing the necessary support for hazard 

prediction and GIS-based modelling. 

2.6.2. People and Place 

We contend that people and place must be given equal importance to hazards and 

environment as shown in Figure 2.5. Specifically, the requirements and risk currencies 

of the impacted community and end-users must be considered from the outset and 

throughout the framework to ensure the outputs are useful, realistic, and sustainable.  
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Concurrent with ‘Hazards and Environment’, this pillar is also broken down into 

‘information’, ‘collection’, and ‘analysis’ using existing methods (Preston et al., 2011). 

At the national level, data should be obtained on disaster risk reduction policy, 

governance and societal structures from grey literature and government records. 

Community hazard resilience data can be accessed through qualitative methods such 

as situation analysis, which is the examination of a social situation, its elements, and 

their relations, to provide a state of situation awareness for decision makers and 

therefore greater adaptive capacity within the community (Santha and Sreedharan, 

2010). These methods include vulnerability and capacity assessments, which involve 

a combination of focus groups and community/household level interviews, 

questionnaires, and surveys to collect information. Specific survey topics typically 

include contextual information about affected communities and the multiple hazards 

impacting them.  

Social vulnerability refers to the social economic, and political factors that influence 

the degree to which individuals, communities, and systems are susceptible to, unable 

to cope with, and unable to adapt to the damaging effects of natural hazards. Some 

key elements that contribute to socio-economic vulnerability include power relations, 

human livelihoods, ownership of livestock and agricultural land, infrastructure 

provision, access to drinking water, communications, level of education, economy, and 

environment. These factors are important in supporting adaptation and coping 

strategies of different groups. 

In essence, existing socioeconomic inequalities and lack of empowerment of 

disadvantaged groups results in uneven distribution of and exposure to disaster risks. 
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2.6.3. Knowledge 

As noted above, the proposed framework aims to yield information of direct practical 

relevance with potential to support decision making for water-related multi-hazards 

based around two key principles, namely (1) understanding drivers of multi-hazards 

and modifiers of landscape response and (2) understanding and co-designing locally 

appropriate strategies to mitigate social vulnerability to multi-hazards. This involves 

first evidencing the co-occurrence of water-related multi-hazards then identifying 

hydrometeorological drivers and basin characteristics that modify those multi-hazards. 

This knowledge generation is the focus of Chapters 3 and 4. This can then be 

combined with social economic data to construct statistical, GIS-based models to yield 

predictive multi-hazard vulnerability. This will improve our understanding of the 

interactions of water-related multi-hazards, their driving forces, the factors that 

determine sensitivity of landscapes, and importantly the vulnerability of affected 

people. Prediction of multi-hazard scenarios is particularly key to this framework in an 

attempt to increase human preparedness and thus to increase potential resilience of 

people and infrastructure.  

In this way we foresee the framework providing new insights into coping with the 

challenges of work in remote data-scarce regions of LMICs. This framework is 

designed to be used on multiple scales, adapting to the spatial and temporal resolution 

of the available data. Hence, hypotheses can be developed at a broad scale looking 

at large and long-term patterns from satellite data which can then be tested by 

telescoping into areas in which there has been detailed groundwork.  

In addition, the proposed framework copes with the communication challenges and 

supports a continual dialogue with stakeholders. Disaster risk reduction and progress 
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in sustainable development of vulnerable communities can only be achieved by 

engaging stakeholders and initiating a response to actionable knowledge. Therefore, 

effective communication between science and stakeholders is vital to this framework 

(Buytaert et al., 2014). The SFDRR stated the importance of ‘society engagement’ and 

the ‘voluntary work of citizens’ (UNISDR, 2015). This framework offers many 

opportunities for participatory approaches to knowledge generation. Leveraging new 

technologies such as low-cost sensors in combination with smartphones and internet, 

such approaches may allow community members to play pivotal roles in leading the 

measurement of environmental parameters, such as precipitation, river water levels, 

and soil moisture. The participation of non-professional scientists in data collection, 

interpretation, and analysis could increase the amount and quality of available data, 

whilst also engaging affected communities and promoting a better response to 

actionable knowledge (Paul et al., 2018).  It also provides tools for local communities 

to address decisions related to disaster risk reduction in more socially equitable ways. 

This tackles the failures of existing ‘top down’ governance models, common to LMICs, 

that depend on external interventions and are blind to the needs of marginal 

communities. 

2.6.4. Benefits of this framework 

We argue the utilisation of this framework has considerable potential to further 

understandings of hydrologically driven multi-hazard environments, most clearly by 

providing novel insight into how social vulnerability to these multi-hazards occurs 

within place. Thus, we envisage that by applying this framework community 

awareness of the interconnections between hazards will be boosted, offering a 

platform for structuring co-generation and sharing of knowledge, data, and resources 
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on locally specific multi-hazards. Co-generation of knowledge facilitates the integration 

of diverse perspectives, knowledge systems, and methods, leading to a more holistic 

understanding of multi-hazard scenarios.  

The framework could be further enhanced through new data gathering opportunities 

via low cost sensor applications currently under development in hydrology, that seek 

to generate actionable knowledge for improving/refining multi-hazard forecasting 

capabilities (Mao et al., 2018). Such an approach has the potential to empower 

communities to respond more effectively to multi-hazards, reducing localised disaster 

risk, increasing community resilience, and promoting sustainable development goals. 
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2.7. Conclusion 

This chapter proposes a new framework for investigating water-related multi-hazards 

through leveraging and synthesising existing methods to address the challenges and 

gaps identified to date. More specifically, building on a comprehensive bibliometric 

analysis of the multi-hazard literature, the study provides a broad overview and 

comparison of approaches currently used by the research community to evaluate and 

model different types of hazard interrelations. This preliminary review, identifying main 

gaps and challenges on current approaches, presents the knowledge base for the 

design of the novel framework for multi-hazards appraisal able to address 

geographically specific key considerations including available and accessible data, 

community variability, and cross-sectoral collaborations.  

Future work will involve the utilisation of the framework to investigate the patterns and 

natural and anthropogenic controls of hydrologically induced landslides and flooding 

at a case study level. This will be the focus of Chapters 3 and 4. This information will 

be used to generate regional models and predictions to support the design and 

implementation of preparedness plans. This progression in our knowledge and 

understanding can be adapted to cover a broader range of multi-hazard scenarios and 

a wider geographic perspective. 
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Chapter 3 - Water-related multi-hazards in 

Nepal: exploring space-time patterns in co-

occurrence of landslides and flooding 

3.1. Abstract 

Nepal is a hotspot for natural hazards, including hydrologically induced landslides and 

flooding. We apply the framework developed in Chapter 2 to structure our broad scale 

analysis of the occurrence and potential co-occurrence of these hazards. The 

framework was developed from analysis of the multi-hazard literature and critical 

evaluation of existing approaches; and it offers guidance on how to understand water-

related multi-hazards in a sustainable development context by synthesising natural 

and social science approaches. To test the ‘Hazards and Environment’ pillar of the 

framework, we collected data on flood and landslide occurrence, monsoon rainfall and 

basin characteristics - from hazard inventories and remote sensing - and then 

analysed using geographical information systems (GIS). In structuring our analysis, 

we divide Nepal into nine geographical zones based on drainage basin and 

physiography. My analysis shows that the seasonal occurrence of landslides and 

flooding varies spatially across the nine zones and there is evidence of co-occurrence. 

We found that the magnitude and timing of the monsoon precipitation varies spatially, 

and this appears to be a key driver of these multi-hazards. Other possible causative 

factors were investigated, notably catchment properties (slope, river density, river 

gradient, land cover, and geology), were found to modify both the rainfall and the 

hazard occurrence. This broad scale analysis is novel in identifying co-occurrence and 
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important for describing the overarching interactions and processes, which will be 

explored in Chapter 4 by zooming in on the rainfall characteristics (rainfall magnitude, 

frequency, duration, antecedence) and looking at other driving factors, such as road 

construction, geology, and atmospheric circulation. This research will provide a first 

perspective and understanding of water-related multi-hazards in Nepal.   
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3.2. Introduction 

Hydrologically induced landslides and floods are among the most destructive natural 

hazards globally (Ávila et al., 2016). In mountainous regions, where these landslides 

and floods are often interrelated, research on the two hazards often falls separately. 

There are numerous publications on landslides in which flooding does not feature 

(e.g., Froude and Petley, 2018; Kirschbaum et al., 2020; Muñoz-Torrero Manchado et 

al., 2021) and many publications on surface water processes, which do not mention 

mass movements (e.g., Delalay et al., 2020; Huggel et al., 2020; Kundzewicz et al., 

2017; Shrestha et al., 2021). There is a need for a multi-hazard approach as stated in 

the Sendai framework of Disaster Risk Reduction (SFDRR) (UNISDR, 2015), 

especially in a changing climate (Gautam, 2017).  

Landslides and flooding are generally associated with a trigger, such as extreme 

rainfall (Malamud et al., 2004). Current research on climate change projects a future 

increase in the global frequency and intensity of heavy rainfall events. These changes 

could result in a higher likelihood of these multi-hazards, particularly in steep mountain 

environments where geomorphology plays a pivotal role (Kirschbaum et al., 2015). In 

addition, it is of particular importance to study the interactions or co-occurrence 

between landslides and flooding among the suite of multi-hazards because these 

hydrological processes overlap and interact. Furthermore, there is potential to 

underestimate risk when analysed separately.  

There is less research on multi-hazards in lower- and middle-income countries 

(LMICs) and remote environments due to data scarcity and limited accessibility 

(Docherty et al., 2020).  Nepal, one of the world’s least developed countries, is 

exposed to a range of water-related multi-hazards, namely floods and hydrologically 
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induced landslides (Aksha et al., 2018; Nadim et al., 2006; Petley et al., 2007). The 

majority of these multi-hazards are linked to the occurrence of the summer monsoon, 

June to September (Stanley et al., 2020). There have been a number of studies on 

temporal and spatial changes to monsoon precipitation in Nepal (Bohlinger and 

Sorteberg, 2018; Talchabhadel et al., 2018). Kansakar et al. (2004) provided a large-

scale perspective upon the nature of precipitation regimes across Nepal and found 

spatial variation in the timing and intensity of the summer monsoon. This has 

implications for region-specific risks of landslides and flooding that have not yet been 

looked at in combination.  

In hazardous environments, the nature of the landscape affects the occurrence of 

hazards (Pearson et al., 2022). It is known that the landscape of Nepal varies spatially 

in relation to the relief, river attributes, land cover, and geology. This, in turn, must 

have impacts on the movement of the South Asian Monsoon and the occurrence of 

multi-hazards (ADPC et al., 2010). Water-related multi-hazards are known to cause 

significant damages to infrastructure, such as bridges, railways, and road systems (Liu 

et al., 2018). Building of these anthropogenic systems disturbs the natural environment 

interactions and has been found to be a major cause of hazards, in addition to the 

hydrometeorology (Muñoz-Torrero Manchado et al., 2021). Therefore, catchment 

properties, including anthropogenic factors, modify rainfall triggers and effect the 

processes leading to hazards.  

Through bibliometric analysis in Chapter 2, it is known that landslides and floods 

frequently co-occur in the literature. Yet understanding of their interactions, 

hydrometeorological drivers and landscape controls remain poorly conceptualised; 

this was recognised as a clear research gap. It was also found that there is a 
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geographical bias, with less research carried out in less economically developed 

countries and remote environments, thus making Nepal an appropriate case study. A 

framework was developed for understanding water-related multi-hazards in a 

sustainable development context. The framework comprises two main pillars, 

‘Hazards and Environment’ and ‘People and Place’, guiding the data collection, 

analysis, and interpretation to form a place-based approach to multi-hazard modelling 

and prediction. This chapter will follow the ‘Hazards and Environment’ pillar of the 

framework to further our knowledge on these hazards from a natural science 

perspective. 

The aim of this chapter is to understand the broad scale spatial variation of landslides 

and floods in Nepal and how they co-occur. This will be achieved according to three 

key objectives: (1) to explore the spatial variation and potential co-occurrence of 

landslides and flooding, (2) to assess seasonal precipitation as a potential driver of the 

space-time patterns of multi-hazards, and (3) to consider catchment properties as a 

modifier of the drivers and hazard interactions. This research has implication for real 

world applications - to increase community resilience, reduce disaster risk, and make 

progress towards sustainable development. 
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3.3. Physiographic, hydrological, and social background to Nepal 

Nepal is a landlocked country in South Asia, bordering India in the south, west, and 

east, and China in the north. Nepal’s physiographic zones exhibit extreme differences 

in elevation and slope. The southern floodplains of the Terai are at a very low elevation 

(57m above sea level) with the majority of slopes below 5 degrees (ADPC et al., 2010). 

The elevation and slope increase abruptly moving north creating the rough hill terrain 

and then into the highly elevated, steep slopes of the Himalayan Mountain belt where 

Mount Everest (8848m) stands as the world’s highest peak (Aksha et al., 2018). The 

three major drainage basins (Karnali, Gandaki and Koshi), divide the country into 

approximately equal areas perpendicular to these physiographic zones (Kansakar et 

al., 2004). 

Nepal is classified as a low- and middle- income country (LMIC), with a human 

development index (HDI) (a measurement of life expectancy and standard of living) 

rank of 143/189 countries (GoN, 2017a). The country has high exposure to natural 

hazards and is regularly classified as high risk on disaster and climate vulnerability 

indices (HDR, 2019). According to Government of Nepal (GoN) data, up to 80% of the 

population is at risk of being adversely affected by natural hazards (GoN, 2017b). In 

2017/18, for example, 968 people were killed, and an estimated 27,265 families were 

affected by hazards (GoN, 2019: 4).  After earthquakes, landslides and flooding 

represent the chief hazards, often resulting in considerable damage to infrastructure 

and livelihoods.  

The summer monsoon is responsible for the majority of these hazards. It is 

characterised by intense rainfall during the four months from June to September which 

contributes to 80% of the annual rainfall (Kansakar et al., 2004). Heavy rainfall is 
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responsible for the majority of landslides in Nepal, and floods can often induce 

landslides by the scouring of riverbanks during high water flows (Delalay et al., 2020; 

Monsieurs et al., 2018). River floods generally occur as inundations of large areas due 

to the overflowing of riverbanks. These cause extensive damages to people but can 

usually be predicted (Kundzewicz et al., 2017). As rainfall is the primary trigger for 

water-related multi-hazards, there is a need for accurate determination of the rainfall 

regimes across the country and how these are influenced by catchment properties. 
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3.4. Data and methods 

3.4.1. Spatial structure for analysis of hazard co-occurrence  

 

Figure 3.1. Nepal divided by drainage basin and physiography into nine zones. 

In this analysis, we have used drainage basin and physiographic region to divide the 

country into nine zones using GIS mapping techniques (Fig 3.1). The reason for this 

division is that historically these have been used as the nine natural regions of Nepal. 

They are divided in this way in the hydrological atlas of Nepal (ICIMOD, 1996) and 

used as such in a number of publications including Kansakar et al. (2004). 

Physiographic zones were derived from Dhital (2015) which is a modification derived 

from the classification in Hagen (1969). These were then merged with the river basins 

falling within the outer boundary of Nepal. The three physiographic areas were then 

intersected by the three major drainage basins to delineate the nine basic zones. The 

main basin divisions have been delineated with Arc Hydro package tools for ArcGIS 

version 10.7 (ESRI, 2018) using the Shuttle Radar Topography Mission (SRTM) Digital 
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Elevation Model (DEM) of 90m. The southern margins of these basins were defined 

by smaller basins that extend outside the limits of the Nepal boundary. These southern 

partial basins were aggregated to the major basins to obtain the final three main basin 

areas. While previous geographic research on Nepal has used administrative 

boundaries to structure data analysis (Froude and Petley, 2018), we believe that our 

strategy will provide a more holistic understanding of the multi-hazard interrelationship. 

The three physiographic zones are the Lowlands, Middle Mountains, and the High 

Mountains (south to north) (Fig. 3.1). 

- The Lowlands corresponds to the Terai, Siwaliks and Dun Valleys. 

- The Middle Mountains corresponds to the Maharabat Range and Midlands. 

- The High Mountains corresponds to the Fore, Inner and Greater Himalayas, the 

Tibetan Marginal Range, and the Tibetan Plateau. 

These areas are subdivided by three major river basins: the Karnali, Gandaki, and 

Koshi (west to east) (Fig. 3.1). 

- The Karnali area includes the Karnali, Mahakali, Babai, and West Rapti. 

- The Gandaki area includes the Gandaki, and Bagmati. 

- The Koshi area includes the Koshi, Kamala, and Kankai. 

The nine zones, as shown in Figure 3.1, are as follows: 

- Zone 1 = The High Mountains of the Karnali 

- Zone 2 = The Middle Mountains of the Karnali 

- Zone 3 = The Lowlands of the Karnali 

- Zone 4 = The High Mountains of the Gandaki 
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- Zone 5 = The Middle Mountains of the Gandaki 

- Zone 6 = The Lowlands of the Gandaki 

- Zone 7 = The High Mountains of the Koshi 

- Zone 8 = The Middle Mountains of the Koshi 

- Zone 9 = The Lowlands of the Koshi 

3.4.2. Data sets 

This study will use the ‘Hazards and Environment’ pillar of the multi-hazard framework 

outlined in Chapter 2 (Fig. 3.2) to understand 

the hydrometeorological drivers and landscape 

controls of landslides and floods in a broad 

scale analysis of Nepal.  

As stated in this pillar, the information required 

includes hazard occurrence, rainfall 

characteristics, and landscape characteristics. 

In this case study, these data will be obtained 

using hazard inventories and remote sensing. 

This understanding could be used for 

probability assessments, rainfall threshold 

criteria modelling, and GIS hazard mapping. 

This will further our understanding of water-related multi-hazards and the modifiers of 

landscape response. When combined with work on people and place, this will provide 

the knowledge for a place-based approach to multi-hazard modelling and prediction.  

  

Figure 3.2. A framework for understanding water-
related multi-hazards in a sustainable 
development context (Docherty et al., 2020). 
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Hazard inventory data 

The hazard inventory used in this study is the Disaster Inventory System 

(DesInventar). There are several alternative hazard databases that could be used for 

this analysis which have differing strengths and weaknesses. Emergency Events 

Database (EM-DAT) is one of the most widely used global databases that compiles 

data on global disasters since 1900. However, it relies more on media resources rather 

than national government records, which can lead to inconsistent reporting across 

events and countries (Panwar and Sen, 2020).  

DesInventar is an open-source hazard inventory for observing natural disasters that 

have caused damage and loss (UNDRR, 2022). The data are compiled from 

government and aid agency reports, academic papers, newspapers, and other media 

sources. Any recorded disaster that has caused direct or indirect damage is included 

in the database allowing assessment of both small and large events. This granularity 

makes it more applicable for broad scale analysis.  

The DesInventar database for Nepal started in 1971 and ends in 2013 covering 

earthquakes, floods, landslides, drought, and epidemics. In this study, the DesInventar 

database was used to observe a 20-year time period for landslides and floods (1993 - 

2013). This time period was chosen given uncertainties in recording biases and 

completeness during the early part of the record and the database only recording up 

to 2013.  Although there are no notable events in this time period, there is good 

variation in the number of multi-hazards with some years in which there are many 

hazards and others when there are few.  
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Hydrometeorological data: rainfall 

Rainfall data was derived from the European Centre for Medium Range Weather 

Forecasts (ECMWF) atmospheric reanalysis version 5 (ERA5) gridded precipitation 

climate datasets, part of the ERA5 2D surface analysis products derived from the 4D-

Var data assimilation in CY41R2 of ECMWF’s Integrated Forecast System. The data 

sets cover the period 1979 to present, although we have only used data between 1993 

and 2013 to correspond to the hazard data. The cell size resolution is 30km (0.25° x 

0.25°) and consists of 273 polygons within the Nepal boundary corresponding to 273 

unique locations. Satellite data was used because there was no weather station data 

available for the purpose of the analysis.  

There were a number of other satellite rainfall products available, such as Tropical 

Rainfall Measuring Mission (TRMM), Global Precipitation Measurements (GPM), 

Asian Precipitation – Highly Resolved Observational Data Integration Towards 

Evaluation (APHRODITE), Climate Hazards Group InfraRed Precipitation with station 

(CHIRPS), and Integrated Multi-Satellite Retrievals for Global Precipitation 

Measurement (IMERG). The resolution and time range of these datasets are listed in 

Table 3.1 showing that ERA5, TRMM and APHRODITE have a resolution of 0.25° x 

0.25°, GPM has a resolution of 0.1° x 0.1°, and CHIRPS has the finest resolution of 

0.05° x 0.05°. Despite ERA5 having a coarser resolution, it was chosen because it 

covers a long period and has previously shown to be able to capture long-term trends 

and help with identifying climate features (Hamm et al., 2020). In a study comparing 

various satellite rainfall products including APHRODITE, TRMM, and ERA5 it was 

proved that ERA5 provided the most reliable estimates (Kanda et al., 2020).  
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Table 3.1. The resolution and time period of a range of satellite rainfall products. 

Rainfall Dataset Resolution Data period 

ERA5 0.25° x 0.25° 1940 - present 

TRMM 0.25° x 0.25° 1997 - 2015 

GPM 0.1° x 0.1° 2014 - Present 

APHRODITE 0.25° x 0.25° 1966 - Present 

CHIRPS 0.05° x 0.05° 1988 - Present 

IMERG 0.1° x 0.1° 2014 - Present 

Geomorphological data 

River network data from 2015 was obtained from the Government of Nepal (GoN) 

Department of Hydrology and Meteorology (DHM) (DHM, 2015). All hydro-topographic 

analyses (slope and river gradient) were based on the SRTM obtained at 90-meter (3 

arc-second) resolution. 

Land cover data 

The land cover data was created through the National Land Cover Monitoring System 

(NLCMS) and sourced from the International Centre for Integrated Mountain 

Development (ICIMOD) (ICIMOD, 2022). It covers the whole of Nepal and is from 

2019. There are eleven land cover classes, namely water, glacier, snow, forest, 

riverbed, built-up, cropland, bare soil, bare rock, grassland, and other woodland. There 

have been significant landcover changes over the past 20 years therefore there are 
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implications of using a single land cover map as it doesn’t show the changing 

pressures on the landscape throughout our time period. This is considered later in the 

chapter. 

Geological data 

Geological data was obtained from the Nepal Hazard Risk Assessment (NHRA) from 

the Asian Disaster Preparedness centre (ADPC et al., 2010). The map and table 

presented show the geological units and their susceptibility to multi-hazards. 

3.4.3. Data analysis 

The seasonality of multi-hazard occurrence was determined by examining the 

cumulative landslides and floods in each zone by month. This obtained information on 

the space-time patterns of co-occurrence of landslides and flooding.  

Landslide and flood data were extracted from the DesInventar database for the period 

1993-2013. Each hazard occurrence was assigned to the month (June – September) 

and zone in which it occurred, and the total flood and landslide hazards in each month 

and zone were summed up.  

For there to be co-occurrence of landslides and flooding, the number of both landslides 

and floods in a certain zone and month must be relatively high compared to the 

expected number of hazards. The expected number of hazards can be estimated by 

assuming that hazards are uniformly distributed across Nepal and occur uniformly over 

the months June – September. Therefore, the expected number of landslides 

𝐸landslides is given by the total number of landslides in Nepal divided by 4 (number of 

months) then divided by 9 (number of zones) – i.e. 
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𝐸landslides =
∑ Landslides2013
1993

𝑁months𝑁zones
 

The expected number of floods 𝐸floods is defined in a similar way. For the obtained 

data, we find that 𝐸landslides = 68 and 𝐸floods = 54 – i.e. on average, we expect there 

to be 68 landslides and 54 floods in each zone in each month.  

We define there to have been high co-occurrence if both the number of floods and 

number of landslides in a given zone and month are larger than their expected value. 

Therefore, if there are more than 68 landslides and more than 54 floods in a certain 

zone and month, then we categorise this as a high co-occurrence event. 

The ERA5 grid data was overlain with the nine zones in order to show which ERA5 

grid cells fell into each zone. This gave us the relative area percent of each grid cell 

within each zone which was used to calculate the mean daily precipitation values 

(mm). The mean, maximum and minimum rainfall were calculated for each of the nine 

zones for each of the monsoon months. This was used to observe broad scale rainfall 

patterns across Nepal over the 20-year period. 

The geomorphology and landscape characteristics (slope, river density, river gradient, 

and land cover) were then derived from GIS analysis and assessed for the nine zones 

using the hydrological toolbox in ArcGIS. Zonal statistics were performed to establish 

aggregated values within each study zone. The percentage land cover was also 

calculated for each of the nine zones and the results were presented in pie charts. 

In addition, some statistical tests were performed to investigate changes in the 

catchment characteristics in relation to the hazards. A non-parametric statistical test 

and Analysis of Similarities (ANOSIM) were performed along with Principal 
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Component Analysis (PCA). Boxplots were created showing the variation in basin 

metrics and hazards between the mountainous zones.  
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3.5. Results 

The purpose of this study was to understand the broad scale variation of water-related 

multi-hazards in Nepal. To address this we have presented the landslide and flood 

occurrence (Fig. 3.3) to explore the space-time patterns and possible co-occurrence 

of landslides and floods in section 3.5.1. This has then been compared to the seasonal 

precipitation for each of the nine zones to assess precipitation as a potential driver in 

section 3.5.2. Finally, I present the mean slope, river density, river gradient (Fig. 3.4) 

and percentage distribution of land cover (Fig. 3.5) in section 3.5.3 to consider the 

catchment properties as a modifier of the drivers and hazard interactions. 

3.5.1. Space-time co-occurrence of water-related multi-hazards 

 

Figure 3.3. Spatial distribution of the cumulative landslide and floods between 1993 and 2013 throughout the 
monsoon season (June – September) and the maximum, and mean seasonal precipitation derived from ERA5 
daily values. Black asterisks above the columns indicate high levels of co-occurrence. 
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There is space-time variation in the co-occurrence of water-related multi-hazards 

across Nepal seen in Figure 3.3. Floods and landslides co-occur in all of the nine 

zones at varying levels. High levels of co-occurrence exist where both numbers of 

floods and landslides are above their relative metrics, for landslides this is 68 and for 

floods the number is 54. There are low levels of co-occurrence in June and September 

in all of the zones. There is high co-occurrence in July and August in the Middle 

Mountains and in the Lowlands of the central Gandaki river basin (Zones 2, 5, 6, and 

8). This is indicated in Figure 3.3 by asterisks above the columns. 

In the Lowlands (Zones 3, 6, and 9) there are a high number of floods, more than 100 

events per month in July and August in each zone. Floods peak in July in Zones 6 and 

9 with 207 and 191 events respectively and fall rapidly in August to 100 and 105. In 

Zone 3, the frequency of flood events is lower with a peak of 125 events in August. 

Levels of co-occurrence are low in Zones 3 and 9 where landslide numbers peak at 

less than 50, below the co-occurrence metric. Levels of co-occurrence are high in the 

Lowlands of the central Gandaki basin (Zone 6) particularly in July when flood 

numbers are 207 and landslide numbers are 102.  

The Middle Mountains (Zones 2, 5, and 8) have the highest number of recorded 

landslide disasters with a peak of 307 in July, in Zone 5. The frequency of flood events 

is also high with a peak of 145 events in July, in Zone 5. Therefore, we have co-

occurrence of hazards in July and August in this physiographic region. Landslides and 

floods peak in July in Zone 5 and 8, then fall in August. Zone 5 has the greatest 

decrease in landslides, from 307 in July to 174 in August, and Zone 8 decreases from 

190 to 95. Floods are comparatively lower than landslides in Zones 5 and 8, but still 

see a marked drop in August. Zone 2, on the other hand, has landslides peaking in 
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July with 114 events and remaining high in August with 105 events. There are more 

landslides than floods in this zone, but floods are high in July with 74 and peak in 

August with 76. 

In the High Mountains, landslide numbers are relatively high with peaks of 133, 152, 

and 129 in July in Zones 1, 4, and 7 respectively. The number of flood events per 

month is less than 54 across all zones meaning that co-occurrence is low in this region. 

In terms of east to west variation, the western Karnali river basin (Zones 1, 2, and 3) 

has different patterns from the central Gandaki (Zones 4, 5, and 6) and eastern Koshi 

(Zones 7, 8, and 9). The Middle Mountains of the Koshi and Gandaki (Zones 5 and 8), 

are a hotspot for landslides in July unlike the Middle Mountains of the Karnali (Zone 

2). Both hazards are considerably lower in the Karnali than in the Koshi and Gandaki 

and they peak later in the season, in August rather than July.  

Co-occurrence of landslides and flooding is highest across the Middle Mountains 

(Zones 2, 5 and 8) and in the Lowlands of the Gandaki basin (Zone 6). These are 

hotspot regions for both types of hazards.  

These interpretations are useful for understanding the way in which the occurrence 

and co-occurrence of water-related multi-hazards varies spatially across the country. 

This must be related to potential drivers such as seasonal precipitation, and possible 

modifiers such as catchment properties which will be explored in the following 

sections.          
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3.5.2. Seasonal precipitation as a potential driver of hazard co-occurrence 

The seasonal precipitation varies spatially as seen in Figure 3.3. The minimum daily 

precipitation is very low in all zones where rain is often 0 mm (not plotted) and the 

mean precipitation follows a similar pattern in each zone varying between 23 mm and 

67 mm. Maximum precipitation is highest in the Lowlands (Zones 3, 6, and 9) with the 

highest maximum precipitation in Zone 3. There is high variation in this zone with the 

maximum precipitation low in June 290 mm then increasing sharply to peak of 471 

mm in July then gradually decreasing to 408 mm in August and 327 mm in September.   

In contrast, the lowest maximum rainfall is in July in the High Mountains of the Karnali 

basin (Zone 1) where it only reaches 208 mm in August. Precipitation is higher in the 

other High Mountain zones (Zones 4 and 7) where there is some variation in the 

maximum precipitation throughout the monsoon with a peak of 293 mm in July in the 

High Mountains of the Gandaki (Zone 4) and a peak of 353 mm in the High Mountains 

of the Koshi (Zone 7).  

There is variation in the onset and cessation of the monsoon from east to west. In the 

eastern Koshi basin (Zones 7, 8 and 9) the maximum monthly precipitation peaks in 

July in all three zones. In Zone 7, there is a rapid monsoon onset and then a gradual 

cessation until September when the maximum precipitation is 292 mm. The 

precipitation in the Middle Mountains of the Koshi basin (Zone 8) is consistently high 

with a peak of 353 mm in July. Maximum rainfall varies across a wide range in Zone 

9 from 343 mm of maximum precipitation in June, increasing to a high peak of 427 

mm in July followed by a very sharp decrease to August to 298 mm then a slight 

increase in September to 321 mm.  
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The Lowlands and Middle Mountains of the central Gandaki basin (Zones 5 and 6) 

follow the same shape with a gradual onset from June to a peak of 408 mm in August 

followed by a rapid cessation to September when it is 298 mm. Further west in the 

Karnali basin (Zone 2) maximum precipitation is low in June with 290 mm, has a rapid 

onset into July to 324 mm, peaks in August at 408 mm, and then decreases in 

September to 327 mm. This is evidence of the monsoon arriving earlier in the east and 

progressing westward. 

In summary, there is a large variation in the maximum precipitation and seasonal 

distribution precipitation in each zone and there is evidence of the monsoon arriving 

earlier in the east and progressing westward. This may be a driving force of landslides 

and flooding although other factors, such as landscape characteristics, must also be 

considered. 
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3.5.3. Landscape characteristics as a possible modifier of rainfall and hazard co-

occurrence 

Slope, river gradient, and river density 

The landscape characteristics of Nepal vary greatly from south to north. Figure 3.4 

shows the landscape metrics: mean slope, mean river gradient, and river density. A 

map of Nepal showing the slope and river network is provided in Figure 3.5. 

 

Figure 3.4. Variation in basin metrics of a) mean slope, b) mean river gradient, and c) river density across the nine 

zones. 
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Figure 3.5. Map of Nepal showing the variation in slope and river network. 

There is variation in the mean slope throughout Nepal. This is shown in panel a of 

Figure 3.4 and the map in Figure 3.5. The Lowlands (Zones 3, 6, and 9) are at a very 

low elevation and have the lowest mean slope values. There is variation in the mean 

slope throughout the Lowlands; Zone 3 has the lowest slope with 8.4°, Zone 9 has a 

higher slope of 11.3° and Zone 6 has the highest with 12.3°. The Middle Mountains 

(Zones 2, 5, and 8) have much higher slopes. These slopes do not vary greatly from 

east to west with the highest 26.4° in Zone 2, 25.3° in Zone 5, and 25° in Zone 8. Slope 

is highest in the High Mountains (Zones 1, 4, and 7) and vary within 1° of each other. 

Zone 1 has slopes of 29.1°, Zone 4 has slopes of 29.5° and Zone 7 has slopes of 

28.6°. The slope increases from north to south and does not vary much from east to 

west in the High Mountains or Middle Mountains. There is a greater variation in slope 
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in the Lowlands with the highest slopes in the Gandaki basin, a hotspot for co-

occurrence of hazards. 

River gradient follows a similar trend as the slope, with the lowest river gradient in the 

Lowlands (Zones 3, 6, and 9) where values are 9.7°, 12.3°, and 14° respectively. This 

can be seen in panel b of Figure 3.4. The slopes are steeper in the High Mountains 

(Zones 1, 4, and 7) and the Middle Mountains (Zones 2, 5, and 8). There is very little 

variation between these physiographic regions with the mean river gradient ranging 

from 25.2° in Zone 5 to 28.7° in Zone 7.  

The river density increases from north to south with the highest values in the Lowlands 

(Zones 3, 6, and 9) where the values are 0.25, 0.23 and 0.29 km/ km2 respectively. 

This can be seen in panel c of Figure 3.4. It then decreases to values between 0.05 

and 0.10 km/ km2 in the High Mountains (Zones 1, 4, and 7) and the Middle Mountains 

(Zones 2, 5, and 8).  

In summary, slope and river gradient increase moving northwards and river density 

decreases. There is little change from east to west in any of these parameters. 
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Land cover 

Land cover varies across Nepal and has changed significantly over time. Figure 3.6 

shows the land cover of Nepal from ICIMOD in 2019. The land is categorised as water, 

glacier, snow, forest, riverbed, built-up area, cropland, bare soil, bare rock, grassland, 

and other wooded land (OWL). 

 

 

Figure 3.6. Land cover from ICIMOD 2019 showing the areas covered by water, glacier, snow, forest, riverbed, 
built-up area, cropland, bare soil, bare rock, grassland, and other wooded land (OWL).
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Figure 3.7. Percentage landcover by zone based on data from ICIMOD 2019. 
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Land cover varies across Nepal (Fig. 3.7). Forest covers the highest percentage of 

land across the Middle Mountains (Zones 2, 5, and 8) as well as Zones 3 and 7. The 

percentage of forest in the Middle Mountains of the Gandaki (Zone 5) is 68%. Cropland 

dominates the Lowlands of the Gandaki and Koshi basins (Zones 6 and 9) where the 

land is flat and fertile. The Lowlands of the Koshi (Zone 9) is covered by 62% cropland 

then the percentage of cropland decreases on moving north with 36% cropland in the 

Middle Mountains of the Koshi (Zone 8) and only 5% of cropland in the High Mountains 

of the Koshi (Zone 7). The High Mountains (Zones 1, 4, and 7) have very low 

agricultural potential with a high percentage of bare rock with no soil or vegetation and 

water body, which is made up of snow and glacier. For example, the High Mountains 

of the Koshi (Zone 1) has 19% snow and 5% glacier. 

Geology 

In Table 4.2 and Figure 4.21, taken from ADPC et al., 2010, the geology of Nepal is 

split into five landslide susceptibility classes low, moderate, medium, high, and very 

high.  

The geology indicates that there is a very high susceptibility to multi-hazards in the 

Lowlands where there is predominantly fluvial sediments, alluvium, boulders, gravels, 

sands, and clays. The Middle Mountains vary between high and medium with some 

parts in the west having moderate susceptibility linked to the presence of sandstones, 

limestones, and shales. The High Mountain has a very mixed geology so although it 

is mainly moderate there are some patches of each of low, medium, high, and very 

high susceptibility. 
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Figure 3.8. Map of Nepal showing the areas where susceptibility to multi-hazards is low, moderate, medium, high, 
and very high. The categories and related geological units are listed in Table 4.2. 
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Table 3.2. Geological units of Nepal with susceptibility class describing the units as low, moderate, medium, high, 
and very high susceptibility. 

  

Geological unit Susceptibiltiy class 

Quartzites Low 

Augen gneisses, banded gneisses Low 

Granites Low 

Tow mica leucocratic granites with tourmaline Low 

Grey siliceous dolomites Moderate 

Augen gneisses, granitic gneisses, and feldsphatic schists Moderate 

Crystalline limestones Moderate 

Grey to greenish grey quartzites, calcareous quartzites Moderate 

Gneisses and thin bands of marbles Moderate 

Quartzitic schists Moderate 

Dolomite underlain by crinoidal limestones Moderate 

Muscovite biotite quartz schists Moderate 

Crystalline marbles Moderate 

Quartz mica schist Medium 

Schists metamorphosed rocks Medium 

Dark slates with white quartzites Medium 

Calcareous silicate rocks and marble bands Medium 

Dark gray slates Medium 

Crystalline marble Medium 

Phyllites quartzites and phyllitic schists Medium 

Sandstones Medium 

Limestone, sandstone and shale Medium 

Phyllites grilstones with conglomerates and white massive 
quartzites. 

Medium 

Biotite and quartzitic mica schists Medium 

Schists quartzites gneisses and calcareous silicate rocks Medium 

Muscovite biotite quartz schists quartzites Medium 

Schists Medium 

Crystalline limestones Medium 

Sandstones, chloritic phyllites, lamprophyre sills Medium 

Sandstones Medium 

Carbonates and dolomitic limestones High 

Carbonaceous slates and green shales High 

Sandstones High 

Continental plateform sediments High 

Quartzites with ripple marks interbedded with shales beds High 

Calcareous rocks High 

Grey shales with intercalation of limestones and quartzites High 

Slates with thin limestones High 

Sandstones High 

Shales with lenses of fine grained fossiliferous High 

Calcareous quartzites and quartzitic limestones High 

Coarse boulders, conglomerates High 

Mainly fluvial and fluvio terrential sediments with local 
lacustrine clays and marlstones 

Very High 

Alluvium, boulders, gravels, sands and clays Very High 
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3.5.4. Statistics 

The results of the ANOSIM showed that the slope, river gradient and river density 

varied significantly by mountainous region (R = 0.71, p-value = 0.003) but not by 

catchment (R = -0.23, p-value = 0.898). 

PCA was used to investigate the variation by zone (Fig. 3.6). This showed that floods 

are strongly linked to river density which is high in the Lowland zones (Zones 3, 6, and 

9). Landslides are more strongly linked to river gradient and slope which are the 

determining factors on the likelihood of these hazards in Zones 2, 4, 7, and 8. Zone 5 

is an outlier in which landslides and floods are both high.  

 

Figure 3.9. Principal Component Analysis. 

The boxplot below (Fig. 3.9) indicates that slope changes between the mountainous 

zones, while the river density and river gradient seem to be similar in the High 

Mountains and Middle Mountains and differ more drastically in the Lowlands. 
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Figure 3.10. Variation in environmental parameters by mountainous region. 

Another boxplot (Fig. 3.10) shows how hazards vary between the mountainous zones. 

Floods increase consistently downstream from the High Mountains to the Lowlands, 

while the landslides are higher in the High Mountains and Middle Mountains and drop 

off in the Lowlands. 
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Figure 3.11. Variation in number of landslides and flooding by mountainous region. 

Based on the two boxplots, landslides are linked to the river gradient and  river density, 

while floods follow a more consistent downstream pattern potentially due to slope.  

To conclude this section, we have analysed the patterns of co-occurrence of water-

related multi-hazards, described the variations in the summer monsoon, and 

investigated the potential role of the topography and geographical variation in 

modifying the hazard occurrence and co-occurrence. This improves our understanding 

of water-related multi-hazards and has the potential to be used in modelling and 

prediction of those hazards. 
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3.6. Discussion  

This paper has used the ‘Hazards and Environment’ pillar from Chapter 2 to synthesise 

data on hazard occurrence, rainfall, and landscape characteristics. Our analysis 

identifies four major findings which we consider are a priority for multi-hazard research 

on precipitation and landslide/flood incidence in Nepal. These are below. We consider 

these findings in more detail here by discussing them in relation to extant literatures 

on each topic. 

1. There is space-time variation in the occurrence of water-related multi-

hazards in Nepal - with clear evidence of high co-occurrence across the 

Middle Mountains and lower Gandaki river basin. 

2. Water-related multi-hazards appear to be driven by the magnitude and 

timing of precipitation across Nepal.  

3. Water-related multi-hazard co-occurrence was found to be modified by the 

catchment properties (slope, river density, river gradient, and land cover) by 

directly influencing the rate of runoff and the catchment storage and release 

processes.  

4. Precipitation patterns were also influenced by catchment properties given 

the very extreme topography of Nepal creating an orographic effect and 

funnelling the rainfall up the different valleys depending on their orientation. 

Rainfall data gathered from remote sensing shows the progression of the summer 

monsoon from east to west which may be a key driver of landslides and flooding (Fig. 

3.3). The precipitation is likely to act as the power required to initiate the landscape’s 

mechanism for resultant hazards. The precipitation is high in July in the Koshi basin 

and decreases in August, whereas in the Gandaki and Karnali basins the precipitation 
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peaks in August (Fig. 3.3). The hazards follow a similar trend indicating that the 

progression of the monsoon precipitation may be driving the multi-hazards. There is a 

higher occurrence of flooding in the eastern Lowlands which is explained by the early 

arrival of the monsoon bringing high precipitation to the lowlands and upstream zones 

as seen in Figure 3.3. There are less hazards in the Karnali as it is further away from 

the monsoon progression.  

There are numerous studies on the spatial distribution of rainfall in Nepal at a broad 

scale (Kansakar et al., 2004; Karki et al., 2017); however, these have not yet been 

related to multi-hazard occurrence and co-occurrence. Kansakar et al. (2004) found 

that the monsoon duration decreases from east to west with later onset and early 

withdrawal in the west and that rainfall decreases south to north due to the topography. 

In the present study, we noted a decrease in rainfall from south to north and that there 

was a later monsoon onset in the west. However, we did not have sufficient evidence 

that the duration of the monsoon varied greatly from east to west. The study of 

Kansakar et al. (2004) investigated the precipitation over 12 months whereas our 

analysis only looked at the monsoon period which is the timing of the majority of multi-

hazards. Looking at the entire year allowed the onset and cessation of the monsoon 

to be more clearly analysed giving a more reliable indication of the monsoon duration. 

Another difference is that Kansakar et al. (2004) used automated weather station data 

from 222 stations whereas our study used a satellite derived product at 30m x 30m 

resolution. Krakauer et al. (2013) evaluated remote sensed precipitation products 

against ground-based weather station observations on a monthly timescale in Nepal. 

They found that remote sensed data exhibits reasonable skill in giving precipitation 

data over Nepal, however they do not fully capture the dependence of precipitation on 
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elevation seen by weather stations. However, ERA5 climate reanalysis data is known 

to have a good consistency of measuring precipitation in mountain environments 

(Scherrer, 2020). Future work could involve combining satellite data and ground-based 

measurements to create a more powerful tool for assessing precipitation trends. 

Rainfall and hazard occurrence were found to be modified by the landscape 

characteristics: slope, river density, river gradient, and land cover. The Nepal Hazard 

Assessment report (2010) describes the landscape of Nepal in detail among many 

socio-economic factors (ADPC et al., 2010), these have not been related to the 

hazards unlike in our study. Topography can be seen to modify the progression of the 

summer monsoon with impacts on the multi-hazard response. Monsoon precipitation 

is highest in the Lowlands and lowest in the High Mountains. This may be explained 

by the extreme topography in Nepal as the Lowlands are more exposed to rainfall as 

it is on the windward side of the mountain range (ADPC et al., 2010). This creates an 

orographic barrier to rainfall and is the main control on the monsoon progression and 

therefore the hazards. There is also a funnelling of rainfall up the river valleys in the 

Middle Mountains which impacts the occurrence of multi-hazards.   

There is a higher occurrence of flooding in the Lowlands where rainfall is highest, slope 

angle is lowest, and river density highest (Fig. 3.4). One of the reasons for this is that 

the combination of these factors influences local runoff generation (Reaney, 2022). 

Slope is an important variable for flooding because extensive flat land with very gentle 

slopes has prolonged inundation, whereas higher slopes provide rapid runoff to 

remove flood water more quickly and therefore do not become saturated (Ghosh and 

Kar, 2018; Lane et al., 2004). High river density is important in relation to riverine 
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flooding as high levels of connectivity also cause rapid runoff and increase the 

likelihood of flooding (Pearson et al., 2022).  

On moving north, there was an inversion in the number of hazards with landslides 

much higher than the number of floods. The High Mountains have a very low number 

of floods and moderately high numbers of landslides. This could be because there are 

steep slopes and steep river gradients but low river density, and reduced catchment 

sizes. Land cover is mostly snow, glacier, and bare rock (Fig. 3.7) .  Therefore, flooding 

is more likely to occur downstream because of snow and glacier melt contributions in 

addition to the precipitation during the monsoon (Roberts et al., 2021). This trend was 

seen in our results as lower numbers of floods occurred in the High Mountains than 

the Middle Mountains. Landslides are highest in the Middle Mountains although differ 

in number from east to west. The highest number of landslides is in the Middle 

Mountains of the Gandaki in July. Flooding is also relatively high across the Middle 

Mountains particularly in the Gandaki basin which could be caused by the snowmelt.  

Kirschbaum et al. (2020) also found that the rate of increase in landslide activity is 

expected to be greatest over areas covered by current glaciers and glacial lakes, 

potentially exacerbating the impacts of cascading hazards on populations 

downstream. Likewise, Ruiz-Villanueva et al. (2017) found devastating impacts of 

floods downstream of glaciated areas, these were related to snow melt and intense 

precipitation. Broadly the Middle Mountains have steeper slopes and higher river 

gradients indicating that there are steep valley sides where landslides occur. Steep 

valley sides may provide a barrier to rainfall locally, while the high peaks may create 

weather extremes, such as cloudburst phenomena which are localised intense 

downpours (Ruiz-Villanueva et al., 2017). 
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Land cover has changed significantly over the last 20 years due to both anthropogenic 

activity and natural factors and impacted hazard risk in multiple ways (Paudel et al., 

2016). Studies based on historical evidence and satellite imagery have shown an 

increase in cropland areas in Nepal and a decrease in forest and snow/glacier 

coverage. According to the agricultural census of Nepal (GoN, 2023), there has been 

a 7.8% increase in the number of families engaged in farming over the last 10 years. 

Transformation from forest to agricultural crops or grassland for grazing can increase 

landslide predisposition by decreasing the strength provided by tree roots and 

increasing the erosive forces by rain drops (Chaudhary et al., 2016; Muñoz-Torrero 

Manchado et al., 2022). The removal of forest for agriculture also results in compaction 

of soil with a consequent decrease in infiltration capacity and an increase to surface 

run off, hence causing flooding (Gilmour et al., 1987). There has also been an 

expansion in urban areas as a result of population increase and a decrease in 

grassland due to climatic effects. (Paudel et al., 2016). These changes have made the 

landscape more susceptible to landslides and flooding (Vuillez et al., 2018). 

The spatial variation in geology is also a control on the occurrence of multi-hazards as 

different geological units have different susceptibilities to active geomorphological 

processes (Dahal et al., 2008). This parameter is difficult to assess as only a general 

geological description is available. Rock strength and fracturing are the most important 

factors to evaluate lithological characteristics, and these characteristics can vary 

greatly over short distances (ADPC et al., 2010). 

Plutonic rocks, such as granite, will usually be strong and represent low risk of multi-

hazard occurrence. Strength of metamorphic rocks is variable, but these rocks often 

have planar structures such as foliation and therefore may represent higher risk than 
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plutonic rocks. Lava rocks will usually be strong, but may be associated with weak 

material, like Tuff. Sedimentary rocks, like sandstones and shales, are often very 

weak. 

Our results conclude that the Lowlands of Nepal are generally composed of fluvial 

sediments which are highly susceptible to multi-hazards, the middle mountains have 

slightly less susceptibility with sandstone and other sedimentary rock, whereas the 

high mountains have mixed geology and mixed susceptibility. The pattern of co-

occurrence of multi-hazards does not follow this trend precisely as the highest co-

occurrence of multi-hazards are in the Middle Mountains. This indicates that other 

controls are likely to be important in the occurrence of multi-hazards. 

Within the South Asian Monsoon, the rainfall signatures, in terms of precipitation 

magnitude, duration, frequency, and antecedent conditions, must be analysed to 

investigate the way in which the local weather conditions drive landslides and floods. 

A number of studies concluded that extreme precipitation drives landslides whilst 

others found that it is as a result of antecedence (Dahal and Hasegawa, 2008; Dai and 

Lee, 2001). This will be the focus of Chapter 4 in relation to both hazards, rather than 

landslides alone.  

Muñoz-Torrero Manchado et al. (2021) found a strong correlation between the annual 

number of landslides and the accumulated precipitation in a study located in far 

western Nepal. They also found that anthropogenic drivers play a main role in driving 

landslides, namely road-cutting and deforestation. From our findings there are multiple 

factors that modify the rainfall and hazard occurrence thus road building must also be 

investigated as a potential causative factor of landslides and flooding. In addition, 
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changes in land cover through time have not been analysed in this study and may be 

a source of future research. 

Overall, the framework from Chapter 2 has proved invaluable in structuring our study. 

It has informed the ways in which data was collected in the paper, and how it was 

analysed. The framework also provided direction based on a bibliometric analysis and 

investigation of the existing approaches. Taken together it has therefore provided a 

clear research design for undertaking research on water-related multi-hazards. 
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3.7. Conclusion 

This chapter has provided a preliminary analysis of the interconnections between 

hydrological and geomorphological drivers of multi-hazards across Nepal. In doing so 

we have deployed the physical geographic element of the framework outlined in 

Chapter 2 to investigate the natural controls and drivers of hydrologically induced 

landslides and floods in the country. These data have been aggregated at a regional 

scale and through analysis of multi-hazards, rainfall, and basin properties have yielded 

many new insights into multi-hazard processes at the national scale.    

This analysis furthers our knowledge of the occurrence and co-occurrence of 

landslides and floods and how they interact with the South Asian Monsoon and the 

diverse landscape of Nepal. In particular we have shown that the spatial patterns of 

water-related multi-hazards vary according to both hydrological and physiographic 

factors. The results show that there is space-time variation in the patterns of 

occurrence of water-related multi-hazards in Nepal and evidence of high co-

occurrence across the Middle Mountains and lower Gandaki river basin, this may be 

caused by variation in the magnitude and timing of precipitation either by direct input 

to the catchment or by antecedence. In addition, the basin properties (slope, river 

density, river gradient, and land cover) appear to also have an influence on the rainfall 

patterns and the multi-hazard co-occurrence. These landscape characteristics effect 

broadscale rainfall patterns through the steep slopes of the Middle and High 

Mountains, creating an orographic barrier to precipitation and the high river gradients 

causing localised weather anomalies like intense downpours. The multi-hazard co-

occurrence is also modified by the basin characteristics which control the catchment 

storage and release processes.  
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This examination has identified national scale patterns of water-related multi-hazards 

in Nepal that require further evaluation in the form of testing the characteristics of 

rainfall (magnitude, frequency, duration, and antecedence) and some of the 

anthropogenic factors (e.g., road building) that affect the landscape, which will be the 

focus of Chapter 4.  The framework from Chapter 2 also considers another disciplinary 

perspective in understanding the socio-economic parameters surrounding water-

related multi-hazards. This is described in the second pillar of the framework which 

has not been addressed here but will be the focus of Chapter 5. 
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Chapter 4 – Understanding space-time 

interactions between hydrometeorology and 

catchment controls on water-related multi-

hazards 

4.1. Abstract 

Precipitation is a complex driver of water-related multi-hazards. Building on the 

analysis from Chapter 3 and the framework developed in Chapter 2, I investigated the 

space-time patterns of multi-hazard co-occurrence in relation to rainfall metrics, 

catchment properties, anthropogenic factors, and large-scale climate controls of local 

weather conditions in Nepal. In Chapter 3, it was proved that the timing and magnitude 

of rainfall throughout the South Asian Monsoon was driving water-related multi-

hazards and that the catchment properties (slope, river density, river gradient, land 

cover, and geology) appeared to be modifying both the rainfall and hazard occurrence. 

In this chapter, rainfall and river basin properties were investigated in greater detail, 

using the same study area and similar data to Chapter 3. Heatmaps of hazard 

occurrence and rainfall metrics (magnitude, frequency, duration, and antecedence) 

and time series of daily rainfall for 10 years out of my 20-year data set were created. 

The Southern Oscillation Index over the 20-year time period and the road density in 

each zone was looked at to investigate other catchment controls on water-related 

multi-hazards. These analyses enabled the inference of the process interactions and 

concluded that a combination of hydrometeorological and catchment properties 
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control water-related multi-hazards. This knowledge must be related to the social 

vulnerability of people and places to fully understand water-related multi-hazards in a 

place-based approach, this will be the focus of Chapter 5. 
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4.2. Introduction 

Landslides and floods, water-related multi-hazards, are triggered by 

hydrometeorological conditions as an immediate cause or as a result of antecedence 

(Nayava et al., 2022). However, catchment conditions moderate these 

hydrometeorological drivers to create different space-time patterns in water-related 

multi-hazards (Chalise et al., 2019). 

Rainfall processes and the associated landslides and flooding are highly complex and 

are affected by many factors (Ran et al., 2012). In terms of rainfall, it is not only the 

amount that falls that triggers these multi-hazards but it may be the distribution of 

precipitation over time (Breinl et al., 2015).  The most commonly investigated rainfall 

metrics include rainfall magnitude, cumulative rainfall, rainfall timing, rainfall 

frequency, rainfall intensity, rainfall duration, and antecedent rainfall (Dahal and 

Hasegawa, 2008). In mountainous regions, there can be prolonged rainfall of several 

days to weeks or short high magnitude cloudbursts where the rainfall over a particular 

area exceeds 100 mm in an hour (Kirschbaum et al., 2020). This has implications on 

the occurrence and co-occurrence of water-related multi-hazards.  

In terms of antecedence, water infiltration in hillslopes causes landslides by changing 

pore water pressure, reducing shear stress, and resulting in slope instability (Iverson, 

2000). Patterns of evapotranspiration, soil saturation, infiltration, and runoff generation 

are antecedent factors that play a role in landslides and riverine flood generation (Nied 

et al., 2014). These conditions may be hypothesised by some researchers to be less 

important in the occurrence of flash floods which are usually caused by heavy or 

excessive rainfall in a short period of time (e.g. Bischiniotis et al., 2018). 
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There is a strong linkage between large-scale atmospheric circulation patterns and the 

rainfall accumulation and distribution (National Centres for Environmental Information, 

2022). Large-scale atmospheric circulation patterns, namely the El Niño-Southern 

Oscillation (ENSO), effect the South Asian Monsoon which in turn may have an impact 

on multi-hazard occurrence and co-occurrence (Bohlinger and Sorteberg, 2018; 

Petley et al., 2007; Shrestha, 2000). There are other natural factors including 

topography, slope, river density, river gradient, land cover, and geology which were 

investigated in Chapter 3 and found to effect both the rainfall and the multi-hazard 

occurrence and co-occurrence in Nepal. 

Anthropogenic factors include land use change, road building, construction, and 

mining (Froude and Petley, 2018). Road building and land use change are particularly 

key to causing slope instability and drainage congestion (Adhakari, 2013; Muñoz-

Torrero Manchado et al., 2021; Petley et al., 2007). Informal road building causes 

landslides in a number of different ways, for example excavated material on the 

downslope side of the road, poor road drainage, over steepened road cuts, and the 

removal of vegetation (McAdoo et al., 2018). Roads and bridges are often destroyed 

by these hazards too, for example, part of the east-west highway that connects all 

Terai districts was washed out by flood waters in September 2007 (Adhakari, 2013). 

Figure 4.1 shows the cascade of processes controlling water-related multi-hazards 

including hydrometeorological drivers, large-scale climate variability, landscape 

characteristics, and anthropogenic factors. 
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Figure 4.1. Cascade of processes controlling water-related multi-hazards including hydrometeorological drivers, 
large-scale climate variability, landscape characteristics, and anthropogenic factors. The solid arrows indicate 
direct interconnections between the controls and multi-hazard occurrence. The dashed arrows show how these 

controls affect multi-hazards by influencing the other controls.  

In Nepal, water-related multi-hazards cause over a hundred fatalities each year. Over 

87% of these are known to be induced by rainfall according to a calculation based on 

the DesInventar report 2015 (UNDRR, 2022). In addition, they disrupt agricultural 

productivity, damage infrastructure, and cause serious economic disruption on 

multiple scales (Adhakari, 2013; Nayava et al., 2022). Therefore, Nepal is an important 

case study for understanding the relationship between multi-hazard occurrence, 

water-related processes, geomorphology, and human interaction. 

Nepal is dominated by shallow rock-falls and slides pervasive across the Himalaya as 

well as both riverine and flash floods (Roberts et al., 2021). These hazards are highest 

during the monsoon season, June to September indicating that rainfall and antecedent 

conditions have an important effect (Petley et al., 2007). There must be an 

understanding of the rainfall conditions required in the lead up to landslides and 

flooding. This involves looking in more detail at the rainfall metrics (rainfall magnitude, 

rainfall frequency, rainfall duration, and antecedent rainfall). 

In addition, road construction has acted as a new trigger for landslides in Nepal 

(Nayava et al., 2022; Petley et al., 2007). The Nepal road network is rapidly expanding 
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and has gone from having 4,740 km of drivable roads in 1998 to 12,494 km in 2014 

(Vuillez et al., 2018).  Thus, it is important to consider road density, as well as rainfall 

when understanding multi-hazards in Nepal. 

In Chapter 2, we developed a framework for understanding water-related multi-

hazards. Elements of this framework have been applied in this work.  A broad scale 

analysis of the spatial variation of multi-hazards in Nepal has been carried out in 

Chapter 3. The findings of this chapter were that the occurrence of hydrologically 

induced multi-hazards varies in both space and time, as does the rainfall during the 

monsoon. These variations showed that catchment properties and rainfall 

characteristics are likely to modify the hazard occurrence and co-occurrence. These 

rainfall and landscape factors will be investigated in more detail in this chapter by using 

heatmaps and time series analysis. This chapter builds on Chapter 3 by using a nested 

approach to further assess the space-time interactions between hydrometeorology 

and catchment controls on water-related multi-hazards and to understand the active 

processes occurring in Nepal.  
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4.3. Methodology 

In this chapter, the same study area has been used and the data has been derived in 

a similar way as in Chapter 2, as such this will not be repeated in full here. A refined 

methodology was used based on more in-depth analysis of rainfall and basin 

properties. The following sections describe the analytical framework for this study and 

the data analysis conducted.  

4.3.1. Study area and analytical framework 

In Chapter 2, Nepal was delineated according to nine natural zones defined by 

drainage basin and physiography. The same nine zones will also be used for analysis 

in this chapter (Fig. 4.2).  

 

Figure 4.2. Nepal delineated by nine natural zones defined by drainage basin and physiography. 
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4.3.2. Data sets 

The landslide and flood data were compiled from the Disaster Inventory System 

(DesInventar) and the daily rainfall was derived from the ERA5 satellite precipitation 

dataset, as in Chapter 2.  

The Southern Oscillation Index (SOI), downloaded from the National Centres for 

Environmental Information (NCEI), was also explored as a potential large-scale 

atmospheric driver. This was chosen as Hannah et al. (2005) showed some links 

between precipitation, runoff, and the SOI. The SOI is a standardised index based on 

the sea level pressure difference across the Pacific Ocean (National Centres for 

Environmental Information, 2022). It measures the large-scale variations in air 

pressure during El Niño and La Niña episodes which has an impact on the South Asian 

Monsoon. Negative SOI values correspond to uncharacteristically high ocean water 

temperatures across the eastern tropical Pacific which is known as an El Niño episode. 

La Niña is when there are positive SOI values which correspond to cold waters. El 

Niño episodes are associated with less strong monsoon rainfall in Nepal and the 

opposite with La Niña (Shrestha, 2000). 

Recent road network data was obtained from open street map (Geofabrik, 2023). 

These were in the form of GIS layers which were vectors of primary, secondary, and 

tertiary roads, tracks, and motorways. 

4.3.3. Data analysis 

Assessment of the South Asian Monsoon as a driver of multi-hazard activity involved 

looking specifically at the monsoon months, June, July, August, and September. The 

rainfall and water-related multi-hazards during these months were investigated over a 
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20-year time period for each of the nine defined zones. This time period was chosen 

as the disaster inventory only records until 2013 in Nepal and data previous to 1993 

was excluded due to recording bias and uncertainties.  

In this analysis, I have compared landslide and flood occurrence to four different 

monthly rainfall metrics (rainfall magnitude, rainfall frequency, rainfall duration, and 

antecedent rainfall) (Table 1). This builds on Chapter 3 which looked at the mean, 

maximum, and minimum rainfall over the 20-year time period for each of the nine 

zones for the monsoon months. It was found that this had an effect on the spatial 

distribution and timing of multi-hazard occurrence and co-occurrence. 

Table 4.1. Definition of rainfall metrics. 

Precipitation Metrics Definition 

Magnitude (mm) The maximum rainfall occurring on a single day 

throughout the month. 

Frequency (days) The number of days in which the rainfall is above the 

75th percentile throughout the month. 

Duration (days) The number of consecutive days in which the rainfall 

is above the 75th percentile per month. 

Antecedent Rainfall (mm) The mean rainfall occurring over every five day period 

of the month. 
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To explore the spatial and seasonal patterns of the hazards and rainfall metrics, I 

created heatmaps using the ggplot geom_tile  function in R (R Core Team, 2022) of 

landslide occurrence, flood occurrence, rainfall magnitude, rainfall frequency, rainfall 

duration, and antecedent rainfall in every month of the monsoon in every year of the 

chosen time period for each of the nine zones. Heatmaps are a useful data 

visualisation tool because the colour coding can be used to highlight times and places 

in which there are high or low concentrations of the given variable (van Loon and 

Laaha, 2015). This allowed analysis of the interconnections between hazard 

occurrence and rainfall by comparing these variables and how they overlap. 

By interpretation of the heatmaps, hazard occurrence was used to frame the research 

by identifying five years in which the occurrence of both hazards was high and five 

years when the occurrence of both hazard events was low. These years were then 

looked at more closely through time series analysis as line graphs using the ggplot 

line_plot function in R to see if there were similarities in rainfall across the respective 

years. These plots showed the daily timing and amount of rainfall throughout those 

years which could be used to look in more depth to see whether the rainfall 

characteristics are driving the multi-hazards. 

In addition, the SOI was plotted as a bar plot using the ggplot bar_plot function in R 

as an annual time series for the observed 20-year time period to investigate if there 

was a relationship between negative/positive SOI values coinciding with high/low 

multi-hazard occurrence. This was done to understand large-scale atmospheric 

drivers of local rainfall and the associated multi-hazard occurrence. 

I also investigated the effects of road building using ArcGIS analysis version 10.7.1 

(ESRI, 2018) to calculate the density of primary, secondary, and tertiary roads, tracks, 
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and motorways within the nine zones using the ‘Spatial Analysis’ toolset. Then, the 

sum of all road density metrics was calculated for each of the nine zones to give the 

total density of roads. 

The process interactions can be inferred by analysing these space-time patterns of 

multi-hazards, the hydrometeorology and large-scale climate controls that drive them, 

and the catchment properties and anthropogenic activity that modify their occurrence.   
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4.4. Results 

As outlined in the methodology, this analysis takes a nested approach to multi-hazard 

analysis. The following sections will include the results of the heatmap analysis, the 

time series plots, the SOI fluctuations, and the road density calculations in order to 

compare multi-hazard occurrence with the various drivers and modifiers.   

4.4.1. Heatmap analysis of hazard and rainfall metrics 

In the below section, there is a detailed account of the fluctuations in hazards and 

rainfall metrics throughout the 20-year time period using heatmaps. 

 

Figure 4.3. Heatmap of log of number of landslides per year during the monsoon months. Blue asterisks indicate 
years when hazard occurrence is high and red asterisks indicate years when hazard occurrence is low. These 
years will be investigated further through time series analysis. 

  

  ne

  l 

  g

 ept

 ear          



  Chapter 4 - Controls 

99 

 

Landslide occurrence during the monsoon for the nine zones is shown in Figure 4.3. 

The predominant trend is that there are a greater number of landslides in July. Years 

in which this trend is not seen are 2000, 2001, and 2008, when landslide occurrence 

is higher in August. There are low numbers of landslides in June and September at 

between 0 and 24 landslides in all of the zones throughout the 20-year time period. 

There are a number of years when numbers of landslides are extremely high; 1993, 

2001, 2002, and 2008. In July of 2002, they reach 88 landslides.  Landslide occurrence 

is higher in the Middle Mountains and High Himalaya (Zones 1, 2, 4, 5, 7, and 8) with 

the maximums ranging in July from 19 in Zone 9 to 88 in Zone 5. However, there are 

a higher number of landslides in July in the Lowlands of the Central Gandaki basin 

(Zone 6) reaching 12, than in the other Lowland Zones which only reach 6. 

 

Figure 4.4. Heatmap of log of number of floods per year during the monsoon months. Blue asterisks indicate 
years when hazard occurrence is high and red asterisks indicate years when hazard occurrence is low. These 
years will be investigated further through time series analysis. 
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Flood occurrence during the monsoon for the nine zones is shown in Figure 4.4. There 

is an even spread of years when the highest number of floods occurs in July and years 

when the highest number is in August with some years when the totals are very similar. 

Years when flood occurrence is highest in August include 1994, 2000, 2001, 2003, 

2005, 2006, and 2013. Flood numbers range between 0 and 21 over July and August 

in most of the latter years 2009, 2010, 2011, and 2012. There are between 0 and 8 

floods in June and between 0 and 16 floods in September with the majority of values 

0 throughout the time period, apart from 2000 and 2008 when flooding is moderate 

throughout the monsoon. Flooding is particularly high in 1993, 2001, 2002, 2004, 

2008, and 2010 reaching the highest value of 63 in July 2002. Flood occurrence is 

highest in the Lowlands (Zones 3, 6, and 9) with a number of floods also occurring in 

the Middle Mountains (Zones 2, 5, and 8), whereas numbers are low in the High 

Himalaya (Zones 1, 4, and 7). 

On comparing Figures 4.3 and 4.4 there is evidence of high co-occurrence of 

landslides and flooding in 1993, 2001, 2002, 2008, and 2010. These years will be 

looked at more closely using time series analysis of precipitation throughout the 

monsoon. In July 1993 there is high co-occurrence in the Middle Mountains of the 

Gandaki and the Koshi (Zones 5 and 8) whereas there is a lower occurrence of both 

hazards in the Karnali (Zones 1, 2, and 3). There is also a low occurrence of both 

hazards in August 1993. Co-occurrence is high in August in 2001 predominately in the 

Middle Mountains of the Gandaki (Zone 5). In July 2002 co-occurrence is high in the 

Middle Mountains of the Gandaki and Koshi (Zones 5 and 8) whereas there is a lower 

occurrence of both hazards in the Karnali (Zones 1, 2, and 3). There is also high co-

occurrence in July and August in 2008 and 2010 in the Middle Mountains of the 
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Gandaki and Karnali (Zones 5 and 2) while there are less hazards in the Koshi (Zones 

7, 8, and 9).  

 

Figure 4.5. Heatmap of rainfall magnitude per year during the monsoon months. Blue asterisks indicate years 
when hazard occurrence is high and red asterisks indicate years when hazard occurrence is low. These years 
will be investigated further through time series analysis. 

Rainfall magnitude varies with most of the high events in July but some in June and 

August (Fig. 4.5). Years with extremely high rainfall events are 1995, 1998, 1999, 

2001, 2003, 2004, and 2008. In these years the maximum monthly rainfall exceeds 

350 mm per day in certain zones for some months. There are high magnitude events 

throughout the zones, however there are a higher number in the Koshi basin (Zones 

7, 8, and 9). 
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Figure 4.6. Heatmap of rainfall frequency per year during the monsoon months. Blue asterisks indicate years 
when hazard occurrence is high and red asterisks indicate years when hazard occurrence is low. These years 
will be investigated further through time series analysis. 

The frequency of rainfall is measured by number of days above the 75th percentile in 

that month (Fig. 4.6). High frequency rainfall tends to be in July and August. Years 

when there are the most days above the 75th percentile are 1998, 2002, 2007, and 

2013, when there are 20 or more days. The spatial distribution of high frequency 

rainfall is quite even over the three drainage basins and physiographic zones meaning 

that when rainfall frequency is high it is high across all regions and when low vice 

versa.  
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Figure 4.7. Heatmap of rainfall duration per year during the monsoon months. Blue asterisks indicate years when 
hazard occurrence is high and red asterisks indicate years when hazard occurrence is low. These years will be 
investigated further through time series analysis. 

The duration of rainfall is measured by the number of consecutive days above the 75th 

percentile in that month (Fig. 4.7). Years when there are the most consecutive days 

above the 75th percentile are 1998, 2007, and 2008. The spatial distribution of high 

duration rainfall is higher towards the Karnali river basin.  
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Figure 4.8. Heatmap of antecedent rainfall suring the monsoon months. Blue asterisks indicate years when hazard 
occurrence is high and red asterisks indicate years when hazard occurrence is low. These years will be investigated 

further through time series analysis 

The antecedent rainfall is measured by taking an average of the total rainfall over 

every five-day period throughout each month (Fig. 4.8). Years when antecedence is 

particularly high include 1998, 2002, 2007, and 2010. The spatial distribution of 

antecedent rainfall is greater in the eastern Koshi basin (Zones 7, 8 , and 9).   
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Figure 4.9. Heatmap showing the overlap of the top 20 hazard occurrences and rainfall parameters during the 
monsoon months throughout the time period analysed. The blue asterisks indicate years when hazard 
occurrence is high and red asterisks indicate years when hazard occurrence is low. These years will be 
investigated through time series analysis. 

The overlap of hazards and rainfall metrics can be seen in Figure 4.8. This shows that 

there is an overlap of all parameters in July 2002 in Zones 4, 5, 6, 7, 8, and 9. There 

are a few other overlaps but overall most of the rainfall parameters do not overlap in 

the same time and place as the hazards.   
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4.4.2. Precipitation time series analysis 

Based on the heatmaps, the five years in which both hazards are lowest and the five 

years when both hazards are highest have been plotted as time series to examine the 

precipitation trends in more depth. The years in which there both hazards are highest 

are 1993, 2001, 2002, 2008, and 2010. The years in which both hazards are lowest 

are 1994, 1997, 2005, 2006, and 2013.  

 

Figure 4.10. Time series of daily maximum precipitation in 1993, in which year hazards are high. 

In July 1993, there are a high number of hazards in the Gandaki and Koshi basins 

(Zones 4, 5, 6, 7, 8, and 9) throughout the monsoon. This excludes the Karnali basin 

(Zones 1, 2 and 3) in which there are only 4 hazards occurring over the whole basin 

in July and then slightly higher, but still low numbers of hazards in August and 

September with 10 and 24 respectively (Fig. 4.3 and 4.4). There are only low 
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magnitude rainfall events reaching a maximum of 222 mm in 1993 (Fig. 4.5), however 

the frequency and duration of high rainfall events above the 75th percentile is moderate 

to high over all zones with a maximum frequency of 18 days and a maximum duration 

of 7 days, but this is to a lesser extent over the Karnali (Fig. 4.6 and 4.7). The time 

series data shows that there is the greatest number of high rainfall events in the 

Gandaki and Koshi basins (Zones 4, 5, 6, 7, 8, and 9) (Fig. 4.9). Daily rainfall is 

particularly low in June in the Karnali river basin (Zones 1, 2, and 3) reaching 101 mm 

whereas it is moderately high in June in the Gandaki and Koshi reaching 147 mm.  

 

Figure 4.11. Time series of daily maximum precipitation in 1994, in which year hazards are low. 

The year 1993, where numbers of landslides and flooding are high, is followed by a 

year in which there are between 0 and 10 hazards occurring within any month in any 

zone throughout the monsoon (Fig. 4.3 and 4.4). This year, 1994, is accompanied by 

low magnitude, frequency, and duration rainfall and the time series also shows that 
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the rainfall remains low without much fluctuation (Fig. 4.10). It is evident by comparing 

Figures 4.9 and 4.10 that rainfall is lower in 1994 than 1993 with much less fluctuation. 

 

Figure 4.12. Time series of daily maximum precipitation in 1997, in which year hazards are low. 

There is then a period when landslide and flood numbers are low throughout the 

monsoon with less than 12 landslides and less than 5 floods occurring in a single 

month in any zone. During this time, the rainfall metrics vary from high (426 mm) to 

low (30 mm) with little to no effect on hazard occurrence (Fig. 4.3 and 4.4). In 1997, 

for example, the time series plot (Fig. 4.11) shows that there are some high magnitude 

events reaching 317 mm in rainfall at the end of June in the Lowlands of the Gandaki 

(Zone 6). These high magnitude events are also seen in other parts of the Gandaki 

and throughout the Koshi basin (Zones 4, 5, 7, 8, and 9). Rainfall is then low 

throughout the monsoon in the Koshi basin with a high magnitude event of 112 mm in 
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August (Zones 7, 8, and 9) but there are some moderate events of maximum 255 mm 

in August in the Karnali and Gandaki basins.  

 

Figure 4.13. Time series of daily maximum precipitation in 2001, in which year hazards are high. 

The only years when landslides and flooding are prevalent in all four months of the 

monsoon are 2000 and 2001. In 2000, landslides are relatively low in June and July 

with a maximum of 5 occurring. They are higher later in the monsoon in August with a 

maximum of 13 and are low in September returning to a maximum of 5 (Fig. 4.3). 

Floods occur throughout this monsoon, particularly in August with a maximum of 24, 

with moderate numbers of maximum 8 in June in the Karnali and Gandaki basins (Fig. 

4.4). Rainfall magnitude is highest in June in 2000 with all values above 100 mm and 

low throughout the rest of that monsoon with a minimum of 61 mm (Fig. 4.5). 

Frequency and duration remain consistently low throughout the monsoon (Fig. 4.6 and 

4.7). 
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There are moderately high numbers of landslides throughout the monsoon in 2001 

with more in June and September than other years, whereas there are low numbers 

of floods in June, moderate flooding in July, relatively high numbers of floods in August 

and moderate numbers in September (Fig. 4.3 and 4.4). There is an extremely high 

magnitude rainfall event in mid to late August 2001 (408 mm) which hits the Lowlands 

and Middle Mountains of the Karnali and Gandaki (Zones 2, 3, 5, and 6) (Fig. 4.5). 

Frequency and duration still remain low (Fig. 4.6 and 4.7). The time series plot for this 

year shows that rainfall is low in June apart from an event of 254 mm in the beginning 

of the month in the Lowlands of the Koshi basin (Zone 9) (Fig. 4.12). Rainfall is higher 

in the Gandaki and Karnali basins (Zones 4, 5, 6, 7, 8, and 9) in July and August of 

this monsoon.  

 

Figure 4.14. Time series of daily maximum precipitation in 2002, in which year hazards are high.  
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Extreme numbers of hazards occur in July 2002. Landslides reach 88 in the Middle 

Mountains of the Gandaki (Zone 5) and floods reach 63 in the Lowlands of the Koshi 

(Zone 9), their highest values in the data set. Flood numbers are also extremely high 

in the Middle Mountains of the Gandaki and Koshi reaching 63 (Zones 5 and 8) in July 

2002. Landslide and flood occurrence are less in the Karnali river basin (Zones 1, 2, 

and 3) throughout that monsoon (Fig. 4.3 and 4.4). The rainfall magnitude is very high 

in the Gandaki and Koshi basins (Zones 4, 5, 6, 7, 8, and 9) reaching 350 mm in July 

2002 (Fig. 4.5). Whilst the frequency and duration are very high, reaching a maximum 

frequency of 20 days and a maximum duration of 5 days throughout all zones in July 

of that year (Fig. 4.6 and 4.7). The rainfall is moderately high magnitude, frequent and 

of moderately high duration in the Middle Mountains and Lowlands of the Karnali 

(Zones 2 and 3) in August (Fig. 4.13). At the daily scale the rainfall in the Lowlands of 

the Koshi (Zone 9) appears to be low apart from one high magnitude event of 349 mm 

towards the end of July (Fig. 4.5, 4.6, and 4.7). The Middle Mountains of the Gandaki 

and Koshi, as well as the Lowlands of the Gandaki (Zones 5, 6, and 8) follow a similar 

trend to each other with high magnitude rainfall at the end of June and beginning of 

July followed by low rainfall the rest of the monsoon.  
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Figure 4.15. Time series of daily maximum precipitation in 2005, in which year hazards are low. 

 

Figure 4.16. Time series of daily maximum precipitation in 2006, in which year hazards are low. 
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Low levels of landslides are spread throughout the monsoon in 2003 followed by 2004, 

a year in which there are very few landslides occurring at all. In 2003, flooding is high 

in August and relatively low in the other months. In July 2004, numbers of floods were 

at extremely high levels again (Fig. 4.3 and 4.4). There is an extremely high rainfall 

event in the Lowlands of the Karnali river basin (Zone 3) in July 2003 which also hits 

the Lowlands of the Gandaki basin (Zone 6), but to a lesser extent. The rest of that 

monsoon has only moderate magnitude events of maximum 248 mm. The entire Koshi 

basin (Zones 7, 8 and 9) is exposed to a rainfall event over 350 mm in July 2004 (Fig. 

4.5). Frequency and duration are high in July 2003 with a maximum of 15 days above 

the 75th percentile and 6 consecutive days above the 75th percentile and in July 2004 

maximum frequency and duration are 14 days and 10 days respectively (Fig. 4.6 and 

4.7).  

The subsequent years, 2005 and 2006 have relatively low levels of hazards until 2007, 

when there is moderate flooding in all four months accompanied by high frequency 

rainfall of maximum 20 days in July which remains moderate in August and September 

reaching a maximum of 13 and very high duration rainfall in July (12 days) and 

September (10 days) mostly in the Karnali basin (Zones 1, 2, and 3). In 2005, there is 

high rainfall in the Koshi basin (Zones 7, 8, and 9) in June followed by very low rainfall 

the rest of that monsoon. In 2006, the highest rainfall is in July in the High Mountains 

and Middle Mountains of the Gandaki (Zones 4 and 5) with low rainfall events in August 

and September. The years 2005 and 2006 have quite different time series plots (Fig. 

4.14 and 4.15). In 2005, the rainfall is quite variable with many low rainfall events 

except a higher rainfall event in June in the Koshi basin (Zones 7, 8, and 9) (Fig. 4.14). 

On the other hand, 2006 has mostly low rainfall apart from some events which occur 

throughout the year in each zone (Fig. 4.15). This inconsistency can be seen in the 
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Lowlands of the Karnali basin (Zone 3) of June when there is a moderate event at the 

start not seen to the same extent in the rest of the Karnali basin or the Lowlands, there 

is a high magnitude event of 293 mm in July in only the High Mountains and Middle 

Mountains of the Gandaki (Zones 4 and 5) and the Koshi basin only has low events in 

rainfall occurring in June. 

 

Figure 4.17. Time series of daily maximum precipitation in 2008, in which year hazards are high. 

In 2008, there are a high number of landslides in the High Mountains and Middle 

Mountains of the Karnali river basin (Zones 1 and 2) and flooding is predominantly in 

those zones too (Fig. 4.3 and 4.4). In this year, there are more landslides in August 

whereas floods occur in July, August, and September (Fig. 4.3 and 4.4). There is an 

extremely high magnitude event across the Karnali basin in September 2008 of 378 

mm. The time series plot shows that this event occurs towards the end of the month 

(Fig. 4.16). Rainfall frequency and duration also pick up in 2008 with moderate 
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frequency in July and August and high duration rainfall in July in the Middle Mountains 

and Lowlands of the Koshi river basin (Zones 8 and 9) (Fig. 4.6 and 4.7). 

 

Figure 4.18. Time series of daily maximum precipitation in 2010, in which year hazards are high. 
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Figure 4.19. Time series of daily maximum precipitation in 2013, in which year hazards are low. 

The final five years of the data set vary greatly in terms of hazard occurrence. The 

landslide and flood numbers are moderately low in 2009, followed by high levels in 

2010 and 2011, then they are low in 2012 and 2013 (Fig. 4.3 and 4.4). The rainfall 

magnitude in 2009 is high in July whilst the frequency and duration are higher in 

August. In 2010, the rainfall magnitude is high in July in the Gandaki and Koshi basins 

(Zones 4, 5, 6, 7, 8, and 9) then high in August in the Karnali (Zones 1, 2, and 3) (Fig. 

4.5). The frequency is high in July in all zones and moderately high in August. The 

time series plot supports this interpretation (Fig. 4.17). The rainfall metrics are low in 

2012 and 2013 along with the hazard occurrence. The time series plot shows that 

there are moderately high magnitude rainfall events in June and July in the Karnali 

river basin (Zones 1, 2, and 3) but overall rainfall is very low in all zones throughout 

2013 (Fig. 4.18). Precipitation is very low in the Lowlands of the Gandaki (Zone 6) in 

July and August with maximum rainfall only reaching 99 mm in August (Fig. 4.5).    

P
re
c
ip
ita
tio
n
  
m
m
)

 

   

   

   

   

  n   l   g  ep  ct

 one  

 

   

   

   

   

  n   l   g  ep  ct

 one  

 

   

   

   

   

  n   l   g  ep  ct

 one  

 

   

   

   

   

  n   l   g  ep  ct

 one  

 

   

   

   

   

  n   l   g  ep  ct

 one  

 

   

   

   

   

  n   l   g  ep  ct

 one  

 

   

   

   

   

  n   l   g  ep  ct

 one  

 

   

   

   

   

  n   l   g  ep  ct

 one  

 

   

   

   

   

  n   l   g  ep  ct

 one  

Maximum daily precipitation for 2 1 



  Chapter 4 - Controls 

117 

 

4.4.3. The Southern Oscillation Index (SOI) 

 

Figure 4.20. Southern Oscillation Index (SOI) time series by month from 1993 to 2013. This data is downloaded 
from the National Centres for Environmental Information (NCEI). 

A time series plot of the SOI throughout the 20-year time period has been shown in 

Figure 4.19. The SOI is negative from 1993 to 1995 apart from certain months in 1994. 

There are positive values from 1995 to 1996 followed by negative values in 1997. 

There is a 2-year period of high positive values from 1998 to 2000. In 2001, the SOI 

is positive at the very beginning of the year but this changes to negative values 

throughout the rest of 2001 and into 2002 and 2003. There were mostly negative 

values in 2004 and 2005 with the highest negative value greater than -3 in February 

2005, although there are some positive values later in that year. In 2006, values are 

positive in the early months then low negative. There are positive values in 2007 and 

2008 until the end of 2009. The SOI reaches a positive value of 2.9 in December 2010. 

Values are all positive in 2011 with moderately high values at the beginning of the 

year, values fluctuate around 0 in the middle of the year, and a high value of 2.5 in 
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December. There are mostly low values fluctuating around 0 in 2012 and in 2013, 

values are mostly positive but range between -0.2 to 1.5. 

Years in which there are positive values were 1995, 1996, 2001, 2006, 2007, 2008, 

2009, 2010, 2011, and 2013. Few of these years correspond to years when landslides 

and flooding are high, namely 2001 and 2008. The only years in which positive SOI 

relates to high rainfall magnitude is 2008. High frequency rainfall occurs in 2007 when 

the SOI is positive and high duration rainfall occurs in 2008 when SOI is positive. 

Therefore, positive SOI values do not often correspond to high rainfall metrics or high 

hazard occurrence. 

4.4.4. Landscape characteristics 

The catchment properties (slope, river density, river gradient, land cover, and geology) 

were investigated in Chapter 3. Slope and river gradient increase on moving north 

through the Lowlands, Middle Mountains, and High Mountains whilst river density is 

highest in the Lowlands and decreases on moving north. This has major effects on the 

occurrence of water-related multi-hazards by modifying the slope stability and the rate 

of run off. The maximum rainfall is also affected due to the creation of an orographic 

barrier to rainfall and the funnelling of rainfall through valleys. The majority of land 

cover across Nepal is forest, however there is a high percentage of cropland and 

grassland in the Lowlands and the Middle Mountains and a high percentage of snow, 

glacier, and bare rock in the High Mountains. The different land cover types are 

responsible for changes in infiltration capacity and surface run off.  

The geology of Nepal is very complex with predominantly metamorphic lithologies in 

the north and more sedimentary rocks further south. The presence of highly 
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susceptible rock types and a number of major faults leads to a greater number of multi-

hazards. Thus, landscape characteristics are key controls on the space-time 

occurrence of water-related multi-hazards.  

4.4.5. Road density 

The road network across Nepal from Open Street Map 2023 is displayed in Figure 

4.21. The roads are categorised as primary, secondary, and tertiary roads, tracks, and 

motorway. Tracks vary from asphalt or heavily compacted to hardly visible and many 

are built informally. The road density calculations for these categories in each of the 

nine zones are shown in table 4.2. 

 

 

Figure 4.21. Road network in Nepal from Open Street Map 2023 showing primary, secondary, and tertiary roads, 

tracks, and motorways. 
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Table 4.2. Road density, categorised as primary, secondary, tertiary roads, tracks, and motorways for the nine zones from Open Street Map 2023. 

Zone Primary 

(km/ km2) 

Secondary 

(km/ km2) 

Tertiary 

(km/ km2) 

Tracks 

(km/ km2) 

Motorway 

(km/ km2) 

1: High Mountains of the Karnali 0.002 0.007 0.01 0.021 0 

2: Middle Mountains of the Karnali 0.048 0.049 0.114 0.194 0 

3: Lowlands of the Karnali 0.048 0.012 0.116 0.287 0.035 

4: High Mountains of the Gandaki 0.019 0.003 0.023 0.039 0 

5: Middle Mountains of the Gandaki 0.032 0.098 0.23 0.528 0.043 

6: Lowlands of the Gandaki 0.03 0.052 0.197 0.45 0.042 

7: High Mountains of the Koshi 0.009 0.009 0.033 0.052 0.003 

8: Middle Mountains of the Koshi 0.059 0.058 0.233 0.38 0.013 

9: Lowlands of the Koshi 0.063 0.038 0.16 0.033 0.687 
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The highest density of motorway is in the Lowlands of the Koshi (Zone 9) with 0.687 

km/ km2. The land in this zone is used primarily for agriculture and requires good road 

connections. The Lowlands of the Gandaki and Karnali (Zones 3 and 6) are also well 

connected for agricultural purposes. There is a high density of motorway in the Middle 

Mountains of the Gandaki (Zone 5), 0.04 km/km2, which connects the capital and area 

where most people live. The motorways do not pass through the High Mountains 

(Zones 1, 4, and 7). These mountainous zones are dominated by tracks which are 

usually informally built and may cause slope instability. 

The primary, secondary, and tertiary roads provide connections throughout the country 

and are highest across the Middle Mountains and Lowlands. The highest density of 

tertiary roads is 0.223 km/km2 in the Middle Mountains of the Koshi (Zone 9).  

The density of tracks is highest in the Middle Mountains of the Gandaki (Zone 5) with 

0.528 km/km2 and is also high across the Middle Mountains of the Karnali and Koshi 

(Zones 2 and 8). The Lowlands are also well connected by tracks but this poses less 

risk of landslides as slope is low. 

Hazard co-occurrence is highest across the Middle Mountains and central Gandaki 

basin (Zones 2, 5, 6, and 8) which are regions where road density is highest. 

  



  Chapter 4 - Controls 

122 

 

4.5 Discussion 

The combination of these results give insight into hazard patterns and the mechanisms 

that interact with the landscape. There are three major findings from this analysis 

which will be discussed in this section with the inclusion of relevant literature.  

1. Floods often occur later in the year than landslides indicating that antecedence 

could be more important in the occurrence of flooding. 

2. Years when multi-hazards are high are followed by subsequent years when 

multi-hazards are low. 

3. There is no clear evidence that one particular factor, such as the rainfall metrics, 

SOI, road density, land cover, geology, and other basin properties are driving 

the hazards therefore it must be a combination of hydrometeorology and 

catchment controls. 

The spatial distribution of hazards can be seen in this analysis and supports Chapter 

3 that landslides occur predominantly in the Middle and High Mountains, whilst floods 

are mostly in the Lowlands and there are high levels of co-occurrence in the Middle 

Mountains and the Lowlands of the Gandaki basin. In the current chapter we attempt 

to explain these patterns according to the rainfall metrics, SOI, and road density which 

were not looked at in the previous chapter. 

There is a tendency towards more years in which landslides occur mostly in July 

whereas floods occur mostly in August. This could indicate a lag time between 

landslides and flooding, due to antecedent conditions being required for flooding or as 

a result of landslide damming river channels then breaking through later in the 

monsoon season causing large-scale flooding. The results of Bischiniotis et al., (2018) 
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showed that most floods are preceded by relatively wet seasonal conditions when 

precipitation and evapotranspiration are high. Dahal (2012) concluded that landslides 

tend to occur only after a few days of the first monsoon rainfall. This indicates that 

antecedence is less important in landslide timing.  However, Dai and Lee (2001) state 

that in most parts of the world antecedent rainfall and high magnitude rainfall are 

equally important for landslides. 

Landslides and flooding usually follow a similar trend to one another, when landslides 

are high, floods are also high that year and vice versa. Adhakari (2013) stated that 

heavy floods were observed in the Nepal Terai in 1993, 1998, 2002, 2004, and 2008, 

and Roberts et al., (2021) found that landslide numbers were high in 1993 and 2002.  

The same years were found to have a particularly high number of floods and landslides 

in the present study, supporting the results. According to Adhakari (2013) and Pokhrel 

et al. (2009), the floods in 1993 were catastrophic causing up to 1,500 fatalities in 

central Nepal, the worst in its history. The study by Adhakari (2013), also mentions 

that the timing of landslides in the mountainous areas coincide with flooding in the 

Terai in the Karnali basin in 2008. 

Roberts et al., (2021) found that there was strong path dependency in landslides in 

the central-eastern region of Nepal which would correspond to the Middle Mountains 

of the Gandaki and Koshi river basins. Thus, there is overlap between earlier 

landslides indicating that when one slope fails it acts as a catalyst for more landslides. 

This could explain the pattern in my results that years of high landslides are often 

followed by years with very few hazards, for example 1993 and 1994, and 2002 

followed by the subsequent years. My study also found that in some cases there were 

consecutive years of high numbers of landslides, for example 2001 and 2002. These 
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trends could be due to path dependency and the activation of slopes in one year (or 

more) leaving very few unstable slopes remaining and therefore a difference between 

the years of high landslides versus years with low numbers. The study of Roberts et 

al. (2021) and other literature does not include any effect this may have on flooding, if 

this was added it would lead to a more holistic multi-hazard approach. 

The rainfall metrics (magnitude, frequency, duration, and antecedence) do not follow 

the same trend annually or spatially as each other. Years when there are high rainfall 

events do not coincide with years when there are lots of days above the 75th percentile 

or years when the number of consecutive days above the 75th percentile is higher. 

Zhang et al. (2019) also noted that rainfall characteristics do not necessarily follow the 

same trend as each other. The spatial distribution of the rainfall metrics is also 

different, for example rainfall magnitude tends to be higher in the Koshi basin and 

rainfall duration tends to be higher in the Karnali. 

It was also found that years in which hazards are high were not necessarily associated 

with high rainfall metrics in most cases. However, Zhang et al. (2019) found that rainfall 

characteristics play an important role in controlling the occurrence of landslides in the 

Shaanxi Province, China. They argue that higher accumulated rainfall over a long 

duration has greater impacts on landslide occurrence than a high magnitude event. A 

large rainfall event is likely to overload the system irrelevant of the catchment 

properties and cause a great landslide and/or flood. However, such events are unlikely 

to cause repeated hazard events in that month. Bischiniotis et al., (2018) also found 

that high magnitude precipitation events do not always lead to hazard generation. 

Dahal (2012) noticed that a considerable number of landslides were triggered by 
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continuous rainfall of five days or more, clearly demonstrating the importance of long 

duration rainfall on landslide initiation rather than short high intensity bursts.   

On the other hand, Nayava et al., (2022) describe a single high intensity rainfall event 

in Nepal that occurred in July 1993 that was responsible for the widespread slope 

failures and flooding, while Jones et al., (2021) found that cloudburst storms in Nepal 

in 1993 and 2002 are known to have caused high numbers of landslides. These 

observations suggest that landslides could be driven by infrequent extreme rainfall 

events. However, in my results neither the magnitude, frequency, duration nor 

antecedence relate to years of high hazards This could indicate that there may be 

other driving forces of hazard occurrence. In Chapter 3 we found that the basin 

properties including land cover modify the rainfall and hazard occurrence.   

Positive SOI values are normally associated with high rainfall (Shrestha 2000). 

Shrestha (2000) found that the SOI had a great influence on the South Asian Monsoon 

and therefore rainfall in Nepal. They state that years when there was more rainfall in 

Nepal were associated with years when the SOI was positive and years with deficient 

rainfall relate to years when SOI was negative. However, my results found that positive 

SOI values did not correspond to high rainfall metrics or high hazard occurrence. This 

difference could be as a result of my study only looking at the specific types of rainfall 

in defined regions. There is also a need for longer term records of the relationship 

between hazard activity and large-scale climate variability to reduce uncertainty 

surrounding hydrological response to future climate (Hannah et al., 2005).  

It is known that informal road construction destabilises slopes during the rainy season 

(Vuillez et al., 2018). McAdoo et al. (2018) compared the distance between roads and 

landslides to determine if the spatial correlation implies causation. They found that 
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landslides are more than twice as likely to occur within 100 m of a road due to over 

steepened slopes, poor water drainage and poor debris management. The results in 

section 4.4.5 show that the zone with the highest road density is also the zone with 

the highest number of landslides. Overall, the highest road density tends to be in the 

fertile land of the Lowlands where there are a low number of landslides and high 

numbers of floods. This area has the majority of the highways. McAdoo et al., (2018) 

found that it is not the highways that are necessarily the problem but the rural gravelled 

roads that are more likely to be responsible for landslides because these roads are 

poorly engineered. Therefore, it is important to look at my results for the tracks which 

have a relatively high density in the Middle Mountains and where there are the highest 

number of landslides. Vuillez et al., (2018) investigated land use/land cover changes 

in a case study through the period 1979-2016. They also found that roads are 

influencing slope stability. I cannot imply causation in my study because I have 

analysed at a much broader scale, therefore this study provides a different perspective 

to the study of Vuillez et al., (2018). To make a stronger link to causation, it would be 

valuable to investigate changes in road density and landslides at close proximity to 

roads through time. Thus, roads must be looked at more closely in future work and if 

informal road building is the main modifier of rainfall driven hazards, then there is a 

pressing need for reconsideration of the current rural access to reduce informal road 

building and ensure the building of roads in a more sustainable way. 
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4.6. Conclusion 

This chapter has examined space-time interactions between hydrometeorology and 

catchment controls on water-related multi-hazards. From my analysis in Chapter 3, I 

know that multi-hazards vary according to hydrometeorology, basin properties, land 

cover, and geology. Here, a more refined methodology was followed based on the 

multi-hazard framework in Chapter 2 to zoom in further to understand the associated 

processes. This study has examined the occurrence of water-related multi-hazards in 

relation to rainfall characteristics, atmospheric circulation, and road density. The 

findings of my study are that there are multiple potential factors contributing to multi-

hazard occurrence, high magnitude rainfall is not the only driver of multi-hazards, 

antecedent conditions may be more important in the occurrence of floods than 

landslides, activation of landslides change the landscape dynamic and may cause 

more or less in subsequent months and years, and road building may be a causative 

factor for landslides. 

In summary, there is a combination of natural and anthropogenic factors contributing 

to the occurrence and co-occurrence of multi-hazards. This knowledge must be 

combined with an understanding of social vulnerability and investigation of social-

economic drivers to develop a place-based approach to multi-hazard research. This 

will be the focus of Chapter 5.  
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Chapter 5 - Social vulnerability to multi-

hazards: elaborating the ‘People and Place’ 

pillar 
5.1. Abstract 

This chapter argues that new insights into social vulnerability to water-related multi-

hazards arise from adopting what is described as a place-based approach. Chapter 2 

proposed an interdisciplinary framework that highlighted the importance of combining 

analysis on both the physical and social aspects of water-related multi-hazards. The 

physical aspects of water-related multi-hazards were addressed in Chapters 3 and 4 

which  are linked to social vulnerability and place in the current chapter. A narrative 

review was used to define and conceptualise social vulnerability and evaluate the 

current analytic approaches. This was valuable in identifying gaps in the literature, 

including that the key drivers of social vulnerability are still poorly understood, and that 

current assessments of social vulnerability do not adequately capture space-time 

variations and, crucially, fail to recognise the critical importance of the relationship 

between physical environment and social relations in propagating multi-hazards. This 

chapter shows that while social vulnerability manifests locally – notably through 

differentiated coping strategies of people to address natural hazards among other 

place-based processes – it propagates from the intertwining of social and physical 

processes across multiple scales. To explore these relations in more detail, and 

drawing on the literature in human geography, three different conceptualisations of 

place are identified: (1) as a site close to others in space-time, (2) a specific location 

imbued with particular norms and attributes, and (3) a setting where external networks 

interact with local attributes to yield change (events). The place-based approach 
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advanced here argues for greater consideration of social vulnerability deriving from  

everyday experiences of multi-hazards among people in  specific  places and  the 

historic experiences of communities  living there who have direct experience of their 

effects. 
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5.2. Introduction 

Water-related multi-hazards have major repercussions on the development 

opportunities of populations by causing large scale economic damage and fostering 

social vulnerability (Twigg et al., 2003). Continual repair and recovery from damages 

may increase the capacity to cope, but invariably it restricts the ability to progress and 

develop sustainably (Sudmeier-Rieux et al., 2012).    

The second chapter of this thesis presented a framework for understanding water-

related multi-hazards in a sustainable development context. The framework has two 

pillars for structuring analysis: one that is focused on physical processes termed 

‘Hazards and Environment’, and the other associated with social and geographic 

processes termed ‘People and Place’. The third and fourth chapters tackled the first 

pillar, the physical processes associated with water-related multi-hazards, their 

interrelationships, and how they relate across scales and levels. Ultimately these 

pillars coalesce to recommend a place-based approach to multi-hazard prediction and 

modelling. 

This chapter builds on Chapter 2 by returning to the second pillar, focused on ‘People 

and Place’. To recap, this pillar flags the key importance of social vulnerability as a 

theoretical lens for clarifying the intertwining between people, communities, and the 

physiographic and climatological drivers of multi-hazards in the places they live. The 

chapter has two aims. First is to clarify my thinking behind the conceptual underpinning 

of the ‘People and Place’ pillar. Secondly, I consider the added value that the place-

based approach of this pillar can bring to advancing the field of multi-hazard studies. 

My argument is made according to the following stages.  
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First, I undertake a narrative review of the social vulnerability literature to clarify current 

understandings of this concept and analytical approaches to it, focused chiefly on 

studies conducted across Nepal. I also use the 2021 census of Nepal to evaluate 

proxies for social vulnerability and how they intersect. This uses empirical evidence to 

discover what characteristics makes certain communities, individuals or regions more 

or less vulnerable to hazards. The narrative review and proxy analysis enable the 

identification of limitations with existing work, which are addressed in the latter 

sections of the chapter. 

Secondly, noting these limitations arise partly because social vulnerability is still a 

relatively new field of study, I argue that these shortcomings can be addressed in two 

ways. First is by deeper consideration of the scaled construction of social vulnerability 

within multi-hazard-prone countries/regions, in particular how social vulnerability 

needs to be understood simultaneously as discourses, practices, and lived 

experiences that cut across different scales of resolution (i.e., national, regional, and 

local). I then contend closer examination needs to be made at the local scale of the  

interrelations between social capabilities to address multi-hazards in places, the social 

and economic conditions of people in those places, and how these combine  with the 

physical drivers of relevant multi-hazards.  

I  exemplify this argument by drawing on the physiographic-climatological processes 

examined in Chapters 3 and 4 to show how this iterative relation plays out practically. 

On this basis, I argue the concept of place offers the crucial nexus where the 

processual-relational aspects of multi-hazards are brought together as the different 

everyday lived practices and experiences of people and communities in relation to 

multi-hazards that make them more/less vulnerable to these processes. Finally, I 
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sketch out potential benefits that arise from a place-based approach, that go above 

and beyond the argument set out in Chapter 2.  

I conclude that social vulnerability is crucial in understanding how multi-hazards are 

experienced by people in place, but nonetheless is still poorly understood. This arises 

from its multi-dimensionality, in terms of being constituted from numerous physical, 

social, economic, and environmental factors and influences (Birkmann, 2006).  

Moreover, social vulnerability is dynamic over time, and, as already noted, its effects 

are experienced differently depending on the scale at which it is analysed.  For 

example, at the national scale, social vulnerability is often framed as a public policy 

problem to be ‘solved’, with importance attached to quantitative data for its 

measurement such as number of fatalities and financial costs of infrastructure lost. By 

contrast at sub-national scales, social vulnerability is usually portrayed as a narrative 

or a practice by prevailing social or political interests, such as local district 

administrations or community representatives. And at the individual scale, personal 

experience of multi-hazards and individual and community capacities to adapt – 

factors that are inaccessible nationally, regionally, and sometimes even locally - are 

crucial to understanding social vulnerability.  

At these micro-scales, community groups and individuals are likely to have numerous 

different coping strategies in relation to multi-hazards they encounter. Coping 

strategies for social vulnerability are related to social capitals (e.g., trust, reciprocity, 

social ties, and obligations) and social networks of relations that people and 

communities can call upon in emergencies, the physical resources available to them 

to address multi-hazards, and whether these are accessible when needed. I conclude 

that social vulnerability requires a ‘portfolio’ approach to its theorisation, and the use 
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of complementary qualitative and quantitative methods to track its outcomes and 

effects. 

Having outlined the Chapter structure and argument in the first section, I set out the 

methodology used to undertake the narrative review of publications on vulnerability in 

Nepal and the analysis of various proxies. 

The Covid-19 pandemic starting in 2020 prevented community level fieldwork on social 

vulnerability which was planned originally. This would have been informed by the 

narrative review that follows. 
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5.3. Narrative review of social vulnerability literature in Nepal 

This section presents a narrative review of social vulnerability to multi-hazards. I 

review publications along three axes; definitions of social vulnerability, conceptualising 

social vulnerability, and the approaches employed to analyse them. I then critically 

analyse these definitions, concepts, and approaches, with the aim of identifying the 

differences, similarities, gaps, and limitations, which are discussed in the second 

section. 

Narrative review methods are aimed at identifying and summarising what has 

previously been published, avoiding duplicates, and identifying new study areas 

through critical review, synthesis, and representation (Ferrari, 2015). I use these 

methods here to critically appraise literature related to the vulnerability of multi-

hazards in Nepal. I focus particularly on strategies for understanding social 

vulnerability to multi-hazards. The narrative review differs from the bibliometric 

analysis performed in Chapter 2 in that the literature sample was not analysed 

according to year published, geographic origin or term co-occurrence, but is similar in 

that I applied a standardised, reproducible search strategy. This was as follows.  

In the data collection phase, peer-reviewed publications were identified using key word 

searches and screened according to selection criteria. I searched for articles published 

in English between October 2001 and October 2021 using Web of Science, Scopus, 

and Google Scholar. I used multiple key word searches using every combination of 

the words ‘vulnerability’ or ‘social vulnerability’ and ‘multi-hazards’ or ‘landslides’ or 

‘floods’ and ‘Nepal’. Vulnerability and social vulnerability are often used 

interchangeably throughout the literature. The search identified 72 articles after 

removing duplicates. The titles and abstracts of these papers were then screened to 
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remove irrelevant studies and references to theoretical work were added manually, 

including Birkmann 2006, Blaikie et al. 1994 and Cutter, 1996. 

After the screening stage, 34 articles were chosen to be synthesised in the discussion 

of our narrative review, of which 20 were case studies in Nepal. The reason for 

focusing on literature based in Nepal was that this is directly relevant to the work of 

the thesis. Another approach would be to analyse the totality of the literature, but this 

would give considerable bias towards a European or North American centred 

perspective which is not an appropriate lens for this study. However, where 

appropriate we have pulled through some review literature based in high income 

countries (HICs), for example Cutter et al. 2003, to provide wider transferability. 

The sampled literature is analysed below, based on the following research questions: 

(a) What is vulnerability – how is it defined? and (b) What theoretical and empirical 

approaches are used in the sample to evaluate vulnerability to multi-hazards? 

In addition to this analysis of the literature, I use the 2021 census of Nepal to evaluate 

empirical evidence on how three proxies of social vulnerability make defined zones 

more or less vulnerable to hazards. The nine zones used are the same as those used 

in the previous two chapters. I triangulate my findings with recent literature which show 

how the proximate vulnerability to hazards in Nepal can be intensified by socio-

economic factors.  
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5.4. Definitions and theoretical concepts of social vulnerability 

Vulnerability is an intrinsic characteristic of a system, also known as “the internal side 

of risk” (Birkmann, 2006: 16). This means that the conditions of the exposed element 

or community at risk are seen as core characteristics of vulnerability; this view is seen 

in nearly all conceptualisations of the term in the sample. Blaikie et al. (1994: 8) and 

Cutter (1996: 529) give broad definitions of vulnerability: "being prone to or susceptible 

to damage or injury", and "the potential for loss" respectively. Both refer to loss in 

terms of fatalities and infrastructure damage. These definitions form the basis of 

vulnerability definitions that are widened in papers in the sample around factors such 

as susceptibility, coping capacity, exposure, risk, and resilience (Table 5.1). Blaikie et 

al. (1994: 8) also offers a more refined working definition of vulnerability “the 

characteristics of a person or group in terms of their capacity to anticipate, cope with, 

resist and recover from the impact of a natural hazard.”
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Table 5.1. Interpretation of the definitions of social vulnerability concepts in the context of natural hazards combined from the sampled literature. 

Concepts Definition  

Susceptibility The likelihood of being influenced by a hazard (Blaikie et al., 

1994). 

Sensitivity The condition of being affected by factors leading to harm (Giri et 

al., 2021). 

Coping/adaptive capacity Capability to deal with damage during a hazardous event by 

alleviating or containing the impact or by bringing about effective 

relief (Birkmann, 2006). 

Exposure The state of people, assets, livelihoods, and ecosystems present 

that could be affected by a hazard (Giri et al., 2021).  

Risk The probability of occurrence of a hazard (Birkmann, 2006). 

Resilience The capacity of a person, household, or other aggregate unit to 

reorganise, recover, and transform in response to a hazard 

(Cieslik et al., 2019). 
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Vulnerability can be seen as dualistic, with susceptibility on one side, and coping 

capacity on the other (Birkmann, 2006). For example, Chaudhary et al. (2021) 

emphasise coping in their approach to understanding vulnerability, stating that 

"vulnerability is commonly understood as the susceptibility of a system/community, 

arising from its inability to cope with the adverse effects of various types of change" 

(Chaudhary et al., 2021: 3). Similarly, Giri et al. (2021: 2) attribute vulnerability to the 

inability to cope: “vulnerability arises due to a lack of capacity to cope and adapt”. 

Oven (2009: 46) describes coping strategies as “measures that act directly upon 

damage during an event by alleviating or containing the impact or by bringing about 

effective relief”. This social response to hazards is a crucial concept in conceptualising 

vulnerability. 

Widening the concept further, vulnerability can be seen as multi-layered. Schilling et 

al. (2013) describe vulnerability as a function of “exposure”, “sensitivity”, and “adaptive 

capacity”.  Adaptive capacity is used interchangeably with coping capacity in this 

conceptualisation. The sample draws attention to several factors specific to Nepal that 

are crucial in limiting adaptive capacity, including high levels of poverty, weak 

governance, and a history of conflict (Schilling et al., 2013; Sugden et al., 2014). 

A system is sensitive to detect or respond when exposed to a hazard and exposure is 

the state of people, assets, livelihoods, and ecosystems present that could be affected 

(Giri et al., 2021). These are in keeping with the established conceptualisation of 

vulnerability from risk governance in which risk = hazard x exposure, where risk is the 

likelihood of occurrence of a hazard (Cutter, 1996; Gautam, 2017). Weichselgartner 

(2001: 1) similarly relates vulnerability to the characteristics of “hazard, exposure, 

preparedness, prevention, and response”.  
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Vulnerability and resilience are also closely interrelated concepts that are discussed 

in the sample (Cutter et al., 2008). As noted above, vulnerability focuses on the 

situation or  the system’s susceptibility to hazards, whereas resilience is determined 

by the capacity of a system to reorganise and recover (Schilling et al., 2013). Ran et 

al. (2020: 1) define resilience as "the ability of a system, community, or person, to 

prepare, cope with, recover, and adapt to a hazard or hazardous event". In a study by 

Cieslik et al. (2019: 4) resilience is defined as "bouncing forward" as opposed to 

"bouncing back". This challenges the idea of returning to the original system state after 

a hazardous event and proposes instead building adaptive capacity for positive, 

potentially transformative, change. 

Guillard-Gonçalves and Zêzere (2018) assert vulnerability has multiple dimensions, 

stating that it is dynamic, intrinsic, scale-dependent, and site-specific. In their paper, 

‘dynamic’ refers to vulnerability varying over time and to the interaction between 

physical and social attributes and characteristics. These authors bring scale into their 

conceptualisation, arguing that vulnerability varies within societies from the national to 

the individual. Moreover, they contend that vulnerability is site-specific, requiring 

approaches based on individual places and timings. These authors also highlight the 

perspective that vulnerability is based on historical and cultural processes in stating 

that social vulnerability is the "predisposition or susceptibility of social groups in the 

context of a disaster" (Guillard-Gonçalves and Zêzere, 2018: 1). Wang et al. (2021: 

1559) also highlight the political and socio-economic qualities of vulnerability by stating 

that social vulnerability is “determined by the pre-event socio-demographic and 

economic conditions”. 
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Similarly, Aksha et al. (2019: 1) draws attention to the way in which physical and social 

scientists describe vulnerability differently: “physical scientists ... tend to conceptualise 

vulnerability in terms of the likelihood of occurrence of a specific process and 

associated impacts on the built environment”, whereas “social scientists tend to define 

vulnerability as a set of social, economic, and demographic factors that coalesce to 

determine people’s ability to cope with stressors”. For them, vulnerability is a product 

of social relations: “vulnerability ultimately manifests as the stratification and unequal 

impacts among different groups of people across space” (Aksha et al., 2019: 1). This 

foregrounds space as a dynamic quantity in constructing vulnerability, suggestive of 

the diverse ways in which space can be used, perceived, experienced, and produced 

by people and communities to change vulnerability processes and outcomes (Sugden 

et al., 2014). 

Cutter et al. (2003: 243) characterise vulnerability according to the individual/group 

and their situation, stating that “vulnerability is most often described using the 

individual characteristics of people (age, race, health, income, type of dwelling unit, 

and employment)”. Thus, some groups in society are more prone to damage, loss, 

and suffering than others (Blaikie et al., 1994). 

Aksha et al. (2020) argues for a multidisciplinary perspective to conceptualising 

vulnerability, bringing together physical process with socio-economic context. They 

add the dimension of biophysical vulnerability, in which the occurrence of hazard or 

damage incurred is due to the hazard action upon the system. They argue this should 

be measured in terms of the physical sensitivity of the landscape to specific hazards 

in terms of variables including elevation, slope, and land use. Here vulnerability is 

conceived as both a physical risk as well as a social response. This conceptualisation 
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is useful as it contextualises the social systems and components that are more/less 

vulnerable in relation to the physical environment. 

Hazards, however, cannot be blamed on nature alone. Raju et al. (2022: 1) state that 

“disasters occur when hazards meet vulnerability”. This argues that natural hazards 

become disasters as a result of social vulnerability which is often created by unplanned 

urbanisation, systemic injustice, and marginalisation. The role of human activity in 

increasing the likelihood and exacerbating the impacts of hazards must be recognised 

in understanding social vulnerability.     

Rigg et al. (2016: 1) broadens the vulnerability concept to include physical, social, 

economic, environmental, and institutional features, by stating it is “a pre-existing state 

of marginality or exposure, whether social (e.g., caste or gender relations), physical 

(e.g., isolation), environmental (e.g., unimproved land or water resources) or economic 

(e.g., lack of market engagement or access to financial resources)”. This definition 

describes some of the causes of vulnerability and emphasises the need for sensitivity 

to different individual vulnerabilities within social groups.  

Chaudhary et al. (2021) conceptualise vulnerability according to the knowledge, 

interpretation, and experience of people. These authors argue that exposure of 

individuals is shaped by their cultural values, beliefs, attitudes, and worldviews. Posch 

et al. (2019) also argue for the importance of considering values and worldviews in 

determining human actions/responses in the event of a hazard. These components 

particularly at the individual scale are important for the mitigation or exacerbation of 

vulnerability.  

Dilshad et al. (2019: 1) put vulnerability in context by relating it to various conditions 

at multiple scales and time frames. They define social vulnerability as "a set of 
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conditions of people that is derived from the historical and prevailing social, economic, 

cultural, environmental, and political context along with understanding future 

scenarios”. This contextual approach foregrounds the way in which these factors 

induce differential capacities and sensitivity to hazards. However, their definition does 

not consider how more marginal or excluded individuals and groups in the “prevailing 

social, economic, cultural, environmental, and political context” may be more 

vulnerable to hazard exposure, and hence more likely to experience negative effects. 

In turn, this suggests social vulnerability needs to explore the intersections between 

social identities around for example ethnicity, gender, class, caste, age, and 

education, all of which are profoundly important in Nepal in determining individual and 

group access to resource allocation and hazard exposure (Sugden and de Silva, 2014; 

Sugden et al., 2014). Intersectional approaches could thus potentially lead to deeper 

and more holistic understandings of vulnerability.  

Much of the sampled literature considers the interrelation between vulnerability and 

poverty (Devkota, 2013; Giri et al., 2021).  Rigg et al. (2016: 1) for example describes 

vulnerability as “forward looking and predictive”, whereas poverty is a state of being, 

stating that vulnerability is “why individuals or households might be prone to poverty". 

They also introduce the concept of precarity in terms of development, in which 

vulnerability is an inherited form of livelihood exposure, yet precarity is produced (Rigg 

et al., 2016). 
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Table 5.2. Definitions of social vulnerability from the literature and interpretations. 

Definition of vulnerability Interpretation Reference 

“the internal side of risk”  This describes vulnerability as an intrinsic 
characteristic of a system or element at 
risk. 
 

Birkmann (2006: 16) 

“being prone to or s sceptible to 
damage or inj r ” 

This is a basic commonplace definition 
which describes vulnerability in terms of 
susceptibility or likeliness. 
 

Blaikie et al. (1994: 8) 

“the potential for loss” Broad definition which is developed to 
include the susceptibility of social groups 
or society at large to potential losses from 
hazard events. 
 

Cutter (1996: 529) 

“m ltidimensional concept that helps 
to identify those characteristics and 
experiences of communities (and 
individuals) that enable them to 
respond to and recover from 
environmental hazards” 
 

The characteristics mentioned are used 
as variables to quantify social 
vulnerability in social vulnerability 
indexing.  

Cutter et al. (2003: 257) 

“the s sceptibilit  of a 
system/community arising from its 
inability to cope with the adverse 
effects of vario s t pes of change” 

This definition combines both 
susceptibility and coping capacity. 

Chaudhary et al. (2021: 3) 
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“a propensit  to be adversel  affected 
and assessed through the IPCC 
framework based on the three 
dimensions of vulnerability – 
exposure, sensitivity and adaptive 
capacit ” 
 

This widens the concept and describes 
vulnerability as multi-layered. 

Giri et al., (2021: 2) 

“v lnerabilit   ltimatel  manifests as 
the stratification and unequal impacts 
among different groups of people 
across space” 
 

This indicates that a holistic 
understanding of the social, economic, 
and political contexts between spaces is 
required to understand vulnerability. 
  

Aksha et al. (2019: 1) 

"a pre-existing state of marginality or 
exposure, whether social (e.g., caste 
or gender relations) physical (e.g., 
isolation), environmental (e.g., 
unimproved land or water resources) 
or economic (e.g., lack of market 
engagement or access to financial 
resources)” 
 

This definition describes some of the 
causes of vulnerability. 

Rigg et al. (2016: 1) 

“a set of conditions of people that is 
derived from the historical and 
prevailing socio-economic, cultural, 
environmental, and political contexts 
along with understanding future 
scenarios” 
 

This brings in time as a dimension by 
mentioning historical, prevailing, and 
future scenarios of vulnerability. 

Dilshad et al. (2019: 1) 
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In summary, the definitions and conceptualisations of vulnerability differ within the 

literature (Table 5.2). While these definitions do not conflict, they do vary in terms of 

the scale, unit, time, space, place, and processes deemed as important in 

understanding vulnerability. Similarly, they depict vulnerability arising from different 

hypothesised interactions between social and physical systems – sometimes 

emphasising the importance of intertwining of the physical and the social, while others 

assert one or other system as dominant. Other components included in the definitions 

include risk, sensitivity, and adaptive capacity. Nonetheless, while the sampled 

literature draws attention to different components and factors, there are core attributes 

in all accounts, namely ‘exposure’ and ‘susceptibility’. An overarching definition would 

incorporate all these components. One such example is Birkmann's (2006: 17) attempt 

to classify vulnerability based on a concentric circle model, showing “key spheres of 

vulnerability”  Fig.  .1). 
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Figure 5.1. Concentric model of the vulnerability concept according to the "key spheres" of vulnerability 
(Birkmann et al., 2006: 17). 

Having discussed the different definitions provided in these studies, the chapter now 

moves on to consider the different methods used in the sampled literature to evaluate 

vulnerability. 
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5.5. Theoretical and empirical approaches to evaluating vulnerability to 

multi-hazards 

The focus of this section is to analyse methods of evaluating social vulnerability, 

predominately in Nepal. Many of the approaches use the connections between factors 

such as population, gender, and education. These  intersect to make certain 

communities, individuals, and regions more or less vulnerable to hazards.   

The sampled literature showed marked differences in theoretical and empirical 

approaches to evaluating vulnerability to multi-hazards. Broadly these can be split into 

work using quantitative risk-hazard and qualitative social constructivist approaches. 

On the quantitative risk hazard side, studies seek to measure vulnerability using 

numerical indices (Gautam, 2017; Guillard-Gonçalves and Zêzere, 2018). Indices of 

social vulnerability were first developed by Cutter et al. (2003) based on criteria such 

as education, wealth, age, and gender. A strength of this approach is that it enables 

the quantification of vulnerability spatially and allows comparisons between case study 

examples that can help identify socio-economic vulnerability drivers (Wang et al., 

2021). Many quantitative social vulnerability indices have been developed and applied 

globally in different hazard settings, with the indicators modified and expanded to give 

high spatial resolution accounts of vulnerability (Aksha et al., 2019; Giri et al., 2021). 

Indices can be ‘weighted’  i.e., specific factors given additional importance) using 

methods such as expert judgement, analytical hierarchy process (AHP), principal 

component analysis (PCA), and multiple regression models. They can also be 

combined using additive and/or multiplicative equations. PCA reduces the number of 

social vulnerability indicators into a smaller number of components by grouping similar 

variables (Aksha et al., 2019). AHP is used to integrate various variables and 
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determine their importance, weighting, and rank (Aksha et al., 2020). Multiple 

regression models are used to test whether and how vulnerability to hazards is 

associated with the social economic indicators (Samir, 2013). 

The index approach can be elaborated further through qualitative or quantitative 

research methods, depending on the scale and the framing. Qualitative research 

methods include interviews, focus group discussions (FGD), and participant 

observation, such as those used in Bista (2019), and Sudmeier-Rieux et al. (2012). 

These data provide for a more nuanced and complex understanding of people and 

place, including their cultural values and beliefs (Posch et al., 2019). Quantitative 

methods include household surveys/questionnaires and the use of secondary sources 

of data from available literature, historical records, and governmental reports and 

surveys. For example, the most recent census is often used, as is the case in Aksha 

et al. (2019) and Gautam (2017). These methods provide empirical research findings 

on specific social characteristics that mitigate or exacerbate social vulnerability. Table 

5.3 describes the strengths and weaknesses of some of the approaches used in Nepal 

to evaluating social vulnerability in the sample literature. 
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Table 5.3. The strengths and weaknesses of approaches to evaluating social vulnerability in Nepal from the sampled literature. 

Reference Data collection Strengths Limitations 

Aksha et al. (2019) Census Broad scale visual 
understanding. 

Not based on empirical data. 

Gautam (2017) Census Broad overview of vulnerability 
and the key drivers. 

Does not consider the spatial 
variation of vulnerability within 
districts. 

Giri et al. (2021) Household surveys Captured minor differences to 
compare spatial units.  

Small-scale study. 

Devkota (2013) FGD and interviews. Gives an in-depth view of 
people’s perceptions and 
experiences.  

Can only be performed at a 
small-scale. 

Chaudhary et al. (2021), 
Gentle et al. (2014), Rigg et al. 
(2016) Samir (2013), and 
Sudmeier-Rieux et al. (2012)  

Household surveys, interviews, 
FGD, and participant 
observations. 

Quantitative results were 
validated by in-depth 
qualitative data. 

Data very limited in scale. 

Aksha et al. (2020) and Wang 
et al. (2021) 

Hazard mapping, census, 
government records and key 
informant interviews 

Combined both physical and 
social processes. 

There were some limitations in 
the availability and spatial 
resolution of data. 

Dilshad et al. (2019) Hazard mapping, socio-
economic mapping, FGD, key 
informant interviews, and multi-
stakeholder workshops. 

Combined physical processes 
and social demographic data. 

Combination of data collection 
methods. 

Small-scale study. 
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Aksha et al. (2019) applied and modified the social vulnerability index to quantify 

vulnerability to multi-hazards in Nepal. In this study, 39 social indicators were used, 

with PCA applied to distil these variables. The social vulnerability index was calculated 

using an equal weighting and additive approach in the absence of empirical or 

justifiable evidence for weighting components differently (Aksha et al., 2019). To 

evaluate social vulnerability spatially, each spatial unit was given a social vulnerability 

index score which was mapped using ArcMap. Gautam (2017) also used social 

economic variables derived from census data to map social vulnerability. They used a 

purely arithmetic method based on score-based social vulnerability mapping at the 

district scale, evaluating all 75 districts of Nepal. These methods have their 

advantages in giving a broad overview of vulnerability and the key drivers, but as they 

are not based on empirical data, they do not give a clear picture of how individual and 

household vulnerability varies. 

Household level surveys are also used to assess social vulnerability quantitatively. Giri 

et al. (2021) used household level questionnaires to statistically assess social 

vulnerability of four informal settlements in Nepal. They used a social vulnerability 

index based on selected indicators to assess three elements of vulnerability: exposure, 

sensitivity, and adaptive capacity. This approach captured the minor differences 

across different units furthering our understanding of the vulnerability system (Giri et 

al., 2021). 

Community and key informant interviews form the basis of a number of vulnerability 

assessments (Schilling et al., 2013). This method is important to understand the 

coping strategies of the affected people. Devkota (2013: 1) aimed to assess flood 

vulnerability in Nepal 'through the eyes of the vulnerable'. They used FGD and 



  Chapter 5 – Social vulnerability 

151 

 

household interviews in two communities to identify and test the drivers of vulnerability. 

This gave an in-depth evaluation of people’s perception and experience but is limited 

in only being able to be applied at the small scale. 

Household surveys/questionnaires are often coupled with interviews, FGDs and 

participant observations in a mixed method approach to evaluate social vulnerability. 

Chaudhary et al. (2021) used indicators taken from household surveys/questionnaires 

to give percentages of population at risk of hazards. They then used in-depth 

interviews, FGDs, and participant observation to validate and triangulate their findings. 

This allowed them to indicate which sub-groups of the population were more 

vulnerable than others and give reasons for this. Gentle et al. (2014) also used a mixed 

method approach in a study using social vulnerability indices. Household 

surveys/questionnaires were used to estimate a well-being status determined by 

variables such as food production, employment, and social status. Again, qualitative 

methods, including interviews, FGDs, and participant observation, were used to give 

a more complex understanding of the people and place.  

Samir (2013) conducted household level surveys to obtain data to run a regression 

model to test whether floods and landslides were related to various social economic 

indicators. The findings were then validated by conducting in-depth interviews with 

stakeholders at various levels. This combination of methods differs from the solely 

quantitative methods described previously at the national level and differ from those 

carried out using household surveys alone at the individual and community scale. The 

mixed method approach is also adopted in Sudmeier-Rieux et al. (2012), Rigg et al. 

(2016), and Samir (2013). The advantage of these mixed methods approaches is that 

the reliability and validity of research is increased. 
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Some authors combine both physical and social processes in their analysis. Aksha et 

al. (2020), for example, combined a multi-hazard risk map from remotely sensed 

imagery and a social vulnerability map from social vulnerability indices in a case study 

location in Nepal. The social data was obtained from census, government records and 

key informant interviews.  For this analysis, they used statistical methods and the AHP 

to determine the relative importance of each variable. This method was valuable 

because it combined both physical and social processes and created a holistic 

understanding of multi-hazard risk. However, there were some limitations in the 

availability and spatial resolution of data (Aksha et al., 2020). Similarly, Wang et al. 

(2021) related social vulnerability to hazard intensities using mapping techniques and 

quantitative secondary sources. 

Dilshad et al. (2019) also combined physical risk assessment with social vulnerability 

indices. They blended quantitative methods from secondary sources with qualitative 

data collected to interpret vulnerability in four river basins. This case study used a 

variety of methods including hazard mapping, socio-economic mapping, FGDs, key 

informant interviews, and multi-stakeholder workshops to yield a comprehensive 

evaluation of vulnerability.  

Designing and implementing social vulnerability indices is clearly an emerging field. 

However, as these examples show, there are some limitations to their use. The 

inconsistency of data collection methods and scales of vulnerability resolution within 

the literature makes it difficult to compare indices.  For example, it is hard to make 

comparisons between different spatial scales and the activities of affected households 

(Wilson, 2019). Data availability may determine the selection of variables, and where 

these are not the same comparative studies are not possible. Another limitation is that 
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they do not always consider the physical characteristics of hazards, such as hazard 

intensities (Wang et al., 2021). 

To conclude this section, the approaches developed and used in the sampled literature 

are chiefly social vulnerability indices that are broadly compatible, if not directly 

comparable. Variation in their formulation between studies seems to occur less 

because of conceptual differences, than as a result of the differing empirical contexts 

these studies engage with. Nonetheless, I noted a number of shortcomings in the 

sampled literature as follows.  

First is that, while many studies reflect on vulnerability arising from the interrelation 

between social and environmental factors, they do not reflect further on how it is 

constituted from the intertwining of social and physical environmental processes. Most 

studies are more concerned with developing more accurate/sensitive ways of 

representing vulnerability through indices, than with conceptualisation. Secondly, 

there is a lack of consideration of whether/how different indices are comparable, and 

hence whether they give insight into a single multi-faceted cross-scale vulnerability 

process or refer instead to different nested scaled processes that together make up 

vulnerability. Thirdly, there is widespread recognition among authors that vulnerability 

is socially constructed, i.e., it is defined through human social interactions (Aksha et 

al., 2019; Gautam, 2017). However, with notable exceptions (Sugden and de Silva; 

Sugden et al., 2014), few studies follow up on the implications of this insight – namely 

that if this is so, vulnerability understandings vary among different groups, as well as 

geographically – notably with scale. Vulnerability is thus a nested scaled process with 

associated set of practices and scale-variant outcomes. But so far, the literature tends 
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to conflate these scale-variant constructions and dynamic processes as singular static 

vulnerability outcomes. 

On the basis of the preceding analysis, I argue valuable insights can be gained into 

social vulnerabilities to multi-hazards in Nepal by working with vulnerability proxies, 

including population, literacy rate, and proportion of men living abroad. In the next 

section, empirical evidence from the 2021 census of Nepal will be used to apply these 

proxies to the nine case study zones used in the earlier chapters.  
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5.6. Proxies for Social Vulnerability in Nepal 

Nepali communities grapple with multifaceted vulnerabilities that stem from a number 

of different factors including the nation’s high poverty rates (Gentle et al., 2014), 

substantial reliance on migrant remittances (Al-Haddad et al., 2022), vast 

socioeconomic inequality between ethnic and caste groups (Clement & Sugden, 

2021), rapid urbanization across unstable terrain (Thapa et al., 2020), and low levels 

of literacy and education (Nakano et al., 2020). These factors intersect to amplify 

disaster impacts along existing fault lines of vulnerability (Cutter et al., 2003). 

In the previous two chapters, Nepal has been divided into nine zones to compare the 

space-time distribution of water-related multi-hazards and the related influences (Fig. 

5.2). In this section, proxies will be discussed and a representative district falling within 

one of the nine zones will be selected to assess the levels of social vulnerability related 

to that proxy. The proxies chosen as examples are population density, literacy rate, 

and proportion of men living abroad. This allows for contextual understanding of 

distinct landscapes, socio-economic conditions, cultural factors, and local capacities 

in different regions.  
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Figure 5.2. Nepal delineated by nine natural zones defined by drainage basin and physiography. These are the 
same nine zones that are used in Chapters 3 and 4. 

Population is a proxy for social vulnerability which must not be overlooked because a 

place with a high population density equates to more people, property, and businesses 

at risk of suffering from the adverse impacts from natural hazards (Gall, 2013).  

Literacy rate is important because it affects peoples’ ability to process hazard warnings 

and to inform themselves and their families about hazard prevention measures. Those 

who are uneducated may not know which Non-Governmental Organisations (NGOs) 

and government agencies can provide assistance and when they are able to approach 

them.  

Number of males living abroad can be used as a proxy for economic disadvantage as 

it shows the number of households relying on remittances coming back from abroad. 

It also reduces household capacity to respond to emergencies as there are less people 

with skills, expertise, and labour to draw upon. This puts a greater burden on those 

who are left to cope. 
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Figure 5.3. Map of population by district. This map was taken from the National Population and housing census of 

Nepal (GoN, 2021). 

The total population of Nepal is 29,164,574. This is unevenly distributed with most 

people living in the capital, Kathmandu, which is in the Middle Mountains of the 

Gandaki (Zone 5) which has a population of 2,041,587 (Fig. 5.3).  

The Lowlands (Zones 3, 6, and 9) have the highest population with 904,666 in Kailali 

which is in the Lowlands of the Karnali (Zone 3) 1,121,957 in Rupandehi in the 

Lowlands of the Gandaki (Zone 6) and 1,148,156 in Morang in the Lowlands of the 

Koshi (Zone 9). The reason for many people living in the Lowlands is that there is 

fertile land for agriculture however as found in Chapters 3 and 4 these areas are 

exposed to flooding and are often at high risk. Excluding Kathmandu, the population 

size in the Middle Mountains varies from 56,789 in Rukum in the Middle Mountains of 

the Karnali (Zone 2) to 600,051 in Kaski in the Middle Mountains of the Gandaki (Zone 

5). Chapters 3 and 4 found that the Middle Mountains had the highest number of 

landslides and flooding, the range in rural population is large and indicates varying 

levels of vulnerability.  The High Mountains have a low population ranging from 5,658 
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in Manang in the High Mountains of the Gandaki (Zone 4) to 262,624 in Sindhupalchok 

in the High Mountains of the Koshi (Zone 7). The High Mountains are exposed to a 

high number of landslides but as there are very few people living in these zones it is 

likely that social vulnerability is low. The major issue with high population per unit area 

is greater likelihood of exposure to hazards but it also reveals pressure on resources 

and access to services.  

 

 

Figure 5.4. Map of literacy rate (%) by district. This map was taken from the National Population and housing 
census of Nepal (GoN, 2021). 

Literacy rate is a proxy for education which affects how people are able to gain 

assistance and adapt to hazards (Fig. 5.3). Communities or households without 

education may become isolated and be at a disadvantage (V. P. Pandey et al., 2019). 

Literacy rate is highest in the capital, Kathmandu, where it is 89.2%. It is also high in 

Kaski, 87.7%, and Laitpur, 88.1%, which are all districts within the Middle Mountains 

of the Gandaki (Zone 5). Therefore, although number of hazards are high in these 
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zones people are less vulnerable than people in the Lowlands where there is frequent 

flooding. There are a few districts in the Lowlands of the Gandaki and Koshi (Zones 6 

and 9) where literacy rate is low, for example Rautahat with 57.8%, Sariahi with 60.3%, 

and Mahottari with 59.8%. 

Education is important for evaluating social vulnerability because where literacy is low 

people will find it difficult to access resources and help in an emergency (Poshan et 

al., 2013). Analysing a flood event, Gentle et al. (2014) found communities with higher 

illiteracy had more difficulty understanding written warnings and rebuilding efforts were 

slowed by the locals inability to interpret policy guidance for reconstruction. Developing 

rural education and accessible early warning systems may strengthen resilience to 

multi-hazards (Petal, 2006).  

 

Figure 5.5. Map of percentage of males living abroad. This map was taken from the National Population and 

housing census of Nepal (GoN, 2021). 

The districts with the highest proportion of males living abroad are predominately in 

the Lowlands and Middle Mountains of the Gandaki and Koshi (Zones 5, 6, 8, and 9). 
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These include Sirahi with 98.3% (Zone 9) and Khotang with 90.0% (Zone 8). The high 

number of hazards in these zones combined with these figures increases the 

vulnerability of populations. There is a low percentage of males living abroad in the 

High Mountains, for example Humla, 64.6% (Zone 1), Mustang 61.9% (Zone 4), and 

Rasuwa 57.7% (Zone 4). However, using number of males working abroad as a proxy 

can be problematic and potentially misleading. There is high seasonal out-migration 

to India from Humla and other districts in the far west of Nepal which is not captured 

in government figures (Gautam, 2017; Hoermann and Kollmair, 2009). Therefore, 

vulnerability may be underestimated in these zones. This is a limitation of using 

national data as it often does not reflect the complexity of the situation at district or 

household level.  

Due to a lack of economic opportunities many households rely on remittances from 

migrant workers, creating “absentee households” devoid of working labour. Therefore, 

number of males living abroad can be used as a proxy for economic disadvantage 

(Fig. 5.4). Households with less people find it more difficult to respond because there 

is more to do for those who are left (Simkhada et al., 2017). Addressing chronic poverty 

and creating local employment may reduce migration dependence and lower the risks 

of displacement of people during disasters. 

High illiteracy rates, dependence on migrant remittances in the absence of local 

livelihood opportunities, and extensive poverty intersect with the country’s challenging 

topography and rapidly growing population to exacerbate the impacts of multi-hazards 

and make some populations more severely affected than others. 

Analysis also reveals that lower caste groups shoulder more adverse landslide and 

flood consequences due to social marginalisation, exclusion from decision making 
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activities, and residence in exposed rural areas (McAdoo et al., 2018). Poorer citizens 

hold the least disaster preparedness knowledge and resources for hazard mitigation 

or recovery, resulting in cascading economic damages following events (Gentle et al., 

2014). Rather than affecting all populations equally, multi-hazards disproportionately 

impact marginalized groups, particularly low-income communities, communities of 

colour, disabled populations and the elderly (Osipian, 2016).  

The concept of “intersectionality” recognizes that socio-economic factors often overlap 

and converge in ways that exponentially increase vulnerability (Kuran et al., 2020). 

Applying an intersectional lens in multi-hazard research in Nepal sheds light on how 

hazards disproportionately impact individuals and communities.  

There are several case studies conducted across Nepali communities that have 

examined the complex social factors that shape social vulnerability to multi-hazards 

and show how social vulnerability to hazards in some parts of Nepal are intensified by 

socio-economic factors.  

Sharma et al. 2022 assessed village vulnerability to flooding in Nawalparasi district 

using indicators like population size, literacy rate, and occupation types. They found 

that population size alone did not determine flood vulnerability however when overlaid 

with other factors like high illiteracy and widespread poverty, these large populated 

villages were much more vulnerable than smaller villages with higher literacy and 

greater economic means. 

Likewise, Thapa (2021) found higher population density in Kathmandu correlated with 

greater urban flood vulnerability only when combined with low-income levels and low 

education attainment. 
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The compounding effects of marginalisation become evident through intersecting 

different proxies. Gaire et al. (2015) showed remittance dependence intersecting with 

poverty and social exclusion in remote mountain areas amplified disaster impacts. 

Dalit communities studied by Jones and Boyd (2011) faced magnified flood 

vulnerability due to intersecting caste, class and gender marginality. Samir (2013) 

addressed the issue of differential vulnerability to natural hazards at the level of village 

communities in Nepal. The results showed that there were less human and animal 

deaths in households that were wealthier and better educated. 

Intersectional studies of urban flooding revealed socioeconomic status, gender, and 

age shaped flood vulnerabilities in the Kathmandu Valley (Kumar et al., 2019). In 

another study it was found that the size of landholdings and potential to diversify had 

an impact on vulnerability to flooding in Western Nepal (Sharma et al., 2022). In a 

study on the Kaligandaki basin in Nepal, Pandey and Bardsley (2015) found that 

vulnerability varied across households due to a combination of social factors and that 

a ‘poor people first’ approach was needed. 

These case studies highlight how demographic, socio-economic, and infrastructure 

proxies can serve as useful indicators for mapping and comparing social vulnerability 

to multiple hazards across Nepal. 

Nepal’s extensive inequalities drive social vulnerability (Nightingale, 2017). Nepal can 

only strengthen adaptation and response capacities across all sections of society by 

addressing the root factors of poverty, inequality, and exclusion  (Dixit, 2003). 

There is a need to investigate social vulnerability proxies more closely because little 

is known about their individual validity, uncertainty, and sensitivity. There is also a  gap 

in knowledge on how these indices compare and relate to one another (Gall, 2013). 
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Integrating intersectional analysis to disaster studies reveals that there is a need for 

more finer grained analysis which can be provided by a place-based approach.  

  



  Chapter 5 – Social vulnerability 

164 

 

5.7. Social vulnerability – addressing gaps in coverage and conceptual 

limitations 

While existing studies that utilise socio-economic proxies have provided valuable 

insights into factors shaping social vulnerability, there remain significant gaps in 

coverage, perspective, and conceptual framing. Here I consider ways to further 

advance the field of social vulnerability studies in terms of addressing gaps in the 

sampled literature and extending and deepening theoretical insights. I also consider 

new approaches that may be developed to conceptualise social vulnerability to multi-

hazards. First, the matches and mismatches between the use of concepts and 

approaches in the literature sample are highlighted to identify current gaps in terms of 

analysis. 

Most sampled studies do not consider social vulnerability as varying across time and 

space. Thus, in national case studies, social vulnerability is seen implicitly as a 

homogenous quality that does not vary across regions and communities. I argue 

instead that what I describe as ‘socio-institutional regimes for social vulnerability’ exist 

nationally within which vulnerability attributes and outcomes are emphasised 

differently, depending on prevailing social and political interests. In turn this suggests 

there are different scaled narratives and practices of social vulnerability at work in 

Nepal. A consequence of this blindness to the scale-variant nature of social 

vulnerability is that studies focus on coping strategies of individuals and communities 

with only limited or no consideration for relevant national public policies. For example, 

Posch et al. (2019) only consider a small case study area of 160 households. They 

give information on how the values and worldviews of these people influence resilience 

to natural hazards, but they do not consider how resilience and vulnerability outcomes 
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may be influenced by other variables at the district or national scale. Aksha et al. 

(2019) do consider how vulnerability varies across broad regions of Nepal that has 

potential to assist emergency managers and policy makers to target specific 

geographic zones. However, they do not explore the capacities or experiences of 

communities or people in these zones, which limits the effectiveness of measures they 

develop. Space is therefore an important though neglected variable in conceptualising 

and assessing social vulnerability.    

The importance of time is also underestimated in most studies. It is often not 

considered in assessments (Aksha et al., 2020; Samir, 2013), and the great majority 

of studies provide a ‘snapshot’ rather than having a longitudinal approach to social 

vulnerability, describing how it changes or whether and how social groups are affected 

by specific events, such as recent landslides or floods. Exceptions include Sugden et 

al. 2014 who study the effects of embedded social structures on gendered climate 

vulnerabilities in south central Nepal, and Guillard-Gonçalves and Zêzere (2018) who 

describe the predisposition of people during a specific landslide event, indicating that 

decision pathways before a hazard event must be considered when assessing 

vulnerability. Dilshad et al. (2019) also mention historical states of vulnerability. 

However, most work in the sample failed to take account of people or community past 

experiences of/exposure to multi-hazards, and how this conditions their response. The 

dynamic nature of societies and how they change with time, for example, in terms of 

demographic change and population density is also missing from most studies. Yet 

clearly coping strategies towards multi-hazards will change through, for example, 

people’s learning, exchange of best practice, and new possibilities for adaptation and 

mitigation arising as a result of new emergency infrastructure such as early warning 
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and communications systems, migration into and out of hazard-prone landscapes, and 

provision of greater disaster management resources.  

However arguably the most significant gap in the literature is lack of consideration of 

the iterative relations between physiographic and climatological drivers of multi-

hazards and the social capabilities of a place (Raju et al., 2022). This is despite some 

studies flagging this interrelation, but not elaborating its consequences. Thus, Aksha 

et al. (2019) for example define social vulnerability as a relational process in that it is 

a set of physical processes which conditions the social responses and relations around 

human exposure, risk, and vulnerability. I argue it follows that some communities and 

individuals are thus better positioned than others to address the confluence of multi-

hazard processes through their adaptation and coping strategies. In turn, this means 

place-based norms and attitudes likely play a crucial role in social vulnerability 

outcomes for people and communities by shaping their accessibility to social capitals, 

social networks, and resources. 

This gap in the literature was addressed through my development of a new theoretical 

approach to conceptualise social vulnerability to multi-hazards, via the ‘People and 

Place’ pillar of the framework in Chapter 2. This approach argues that mitigating social 

vulnerability to multi-hazards should be done using locally appropriate strategies 

sensitive to wider networks of multi-hazard relations and structures of socio-economic 

relations (Sugden et al., 2014). This calls for appreciation of social vulnerability as a 

complex nested set of scale-variant processes and phenomena, with policy and 

governance, social demographic and popular (community and individual) perception, 

and experience elements brought together. Therefore, I draw attention to the ‘socio-

institutional regime’ of social vulnerability within multi-hazard-prone regions and 
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countries. This regime encapsulates how actors at each scale mobilise and respond 

to social vulnerability in different ways as, respectively, discourses/narratives, 

practices,  and community-personal experiences, from international to national to sub-

national to the local scale. The idea of a socio-institutional regime for social 

vulnerability to multi-hazards thus emphasises the need to track different ways of 

framing, experiencing, and responding to  vulnerability across geographic scales. In 

turn, this requires a research design with a varied suite of analytical techniques and 

data collection methods. This is of particular importance in Nepal where the 

governance of disaster risk is shared between the state, non-governmental 

organisations (NGOs), and communities as a result of recent sweeping policy 

changes.   

The ‘People and Place’ pillar is held in dialectical tension with the ‘Hazards and 

Environment’ pillar of the model that was explored in Chapters   and 4. At local scale, 

the pillars ultimately coalesce to recommend a place-based approach to multi-hazard 

research. Crucially the physical environment of multi-hazards does not dictate social 

vulnerability; prevailing social relations and physical spaces of multi-hazards are in an 

iterative relation with one another. They are both continually changing and as one 

changes, so too does the other, with consequences for both, and for the places these 

interrelations play out. Figure 5.2 shows this relationship with the connection between 

environmental processes and social economic relations that creates place-based 

vulnerability. In turn, place-based dynamics of multi-hazards change according to 

community and personal risk, exposure and potential, and actual damage and loss. 

Thus, the physical impact of a disaster can both increase/decrease future social 

vulnerability. For example, damage to infrastructure increases vulnerability, yet for 
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some people it is the trigger for new coping strategies that can decrease their 

vulnerability to similar future events. 

 

Figure 5.6. Diagram representing the dialectical tension between physical environment and social-economic 
relations that explains the dynamic nature of place-based social vulnerability. 

To summarise, I have set out here the state of social vulnerability research in Nepal 

and have argued more attention must be given to place in multi-hazard research in the 

country as a conceptual focus for understanding social vulnerability and the methods 

of multi-hazard assessment and mitigation. This is because place as a concept lends 

itself well to studying the iterative physical and social basis of multi-hazards that 
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develop in a specific geographical site over space and time. Current debates on social 

vulnerability tend to get bogged down in the intractability of bringing quantitative and 

qualitative accounts together. To transcend this impasse, I argue a place-based 

approach  offers  new possibilities for research to advance our understanding of multi-

hazards in a sustainable development context. How to take this forward is discussed 

in the next section.  
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5.8. The concept of ‘place’ 

To build the theoretical basis for this approach, the extensive literature on the place 

concept in human geography is evaluated. This corpus sets out multiple interpretations 

of this concept, which is conceptualised in different ways. Here I draw attention to 

three understandings which I argue offer a basis for a place-based approach to 

evaluating social vulnerability to multi-hazards. 

First, place can be understood as a locality or point in space that can be defined by 

co-ordinates on a map (Harvey, 1996). The different objects and features defined by 

these coordinates and their propinquity (closeness, adjacency) provides a unique 

sense of geographical identity – a sense of place - and hence a means of 

distinguishing one place from another.  

Secondly, place can be defined not just in physical terms, but as a moral order that 

inculcates a sense of place or the identification of place by encouraging attachment or 

belonging among people or communities to that place. Here a geographical site helps 

forge particular social values, attitudes, and behaviours (Agnew, 2011), for example 

by organising how space is used according to distinct cultural or religious norms such 

as a site holding special spiritual and/or sacred meanings for certain people or 

communities. Over time, these norms and beliefs become embedded through historic 

events and shared memories which define places (Adger et al., 2009).  

Thirdly, place can be interpreted as the action of different networks that ‘touch down’ 

in a specific location to contribute to its historical-geographical development. This 

includes the interventions of different actors at a variety of scales within these 

networks – from the actions of individuals to local policy measures, to migrations of 

whole communities. 
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Having identified these three conceptualisations of place, each will be discussed in 

more detail with reference to the work of David Harvey, John Agnew, and Doreen 

Massey; each has written extensively on place as a concept. These findings will then 

be related to social vulnerability to multi-hazards and the three conceptualisations will 

be brought together as a basis of a place-based approach to social vulnerability and 

multi-hazards. 

Harvey (1996: 294) defines place as a location on Earth or as an entity of 

“permanence” within space and time. He argues that a place with permanence has 

distinct socio-economic and physical qualities that often lead to it being differentiated 

from spaces around it, i.e., named or bounded in some way. Thus, places are defined 

by their connection to other places, and the relation of features, characteristics and/or 

objects within them. Places become known by these attributes, making them 

more/less ‘favoured’ sites in which to live – for example steepness of relief, 

susceptibility to flooding or drought, resource availability, length of growing season, 

and altitude. Equally important is their identification as places with particular social 

conditions which increase/decrease vulnerability – such as social structures, 

education attainment and skills of residents, and demographic structure. Harvey 

(1996) argues that over time people have attached less importance to this concept of 

place because of global technological change and socio-economic development, for 

example, the invention of the container, aeroplanes, the internet, and mobile phones, 

that make places more homogenous (Harvey, 1996). Nonetheless, people will choose 

to voluntarily migrate from a place if they are exposed to continual hazards or stay 

where they are given strong place attachment that grounds them despite the hazards, 

leading to the development of different coping strategies. This is the focus for an 
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emerging literature on place attachment (Posch et al., 2019; Swapan and Sadeque, 

2021).  

Agnew (2011) also discusses conceptualisation of place. For him place is a dimension 

or grid in which matter is located or a site where geographical attributes and 

characteristics and their specific adjacencies are contained. This gives rise to place-

based qualities and processes which may impact where people choose to live, reside, 

or work. For example, natural hazards can define the suitability of the place of dwelling, 

the temporal sequencing in which land is managed, and the desirability of land 

ownership (Chaudhary et al., 2021). In particular, there is a strong relationship 

between hazard events and the lives and livelihoods of people living there (Aksha et 

al., 2019). Social vulnerability to multi-hazards is a function of the social characteristics 

of people living in a place as much as the physical properties of its landscapes. Agnew 

(2011) also draws attention to how places are dynamic, allowing the flow of people 

and information within networks. As a result of this increased flow of people mediated 

by technological advances, he concurs with Harvey that places are becoming 

increasingly alike. But he concludes that places are not becoming irrelevant as there 

will always exist some places where technological change are less, and that evolve 

differently because of specific social processes and power relations. The evolution of 

places is thus always causing people to adapt or to leave them (Swapan and Sadeque, 

2021). Agnew (2011) describes the theory that places are configured by the 

intersection of encounters between people, practices, and the socio-economic effects 

of globalisation. This interplay leads to a chronology of place-based events and 

actions.  
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Massey (1991) introduces the concept of place into a wider consideration of time-

space compression. Time has brought increased travel, globally imported goods, and 

the convenience of the internet (amongst other things) which has increased spatial 

interconnections or flows between places to cause flux and uncertainty in place-based 

identities. Again, this can lead to a loss of a sense of place and less particularity 

between places. The injustice and unevenness of time-space compression is also 

discussed. There will always be some social groups less able to take advantage of 

these developments, which may be imposed on them by those with mobility and 

power, to make them marginalised or excluded. People exposed to hazards are often 

in these disadvantaged groups.  
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5.9. A place-based approach to evaluating social vulnerability 

I argue that, as place-based phenomena and processes, multi-hazards and social 

vulnerability can be brought into engagement with these observations and 

understandings of place to enrich our understanding through the theoretical framework 

set out in Chapter 2. This calls for a place-based approach to multi-hazard research 

which involves consideration of physical processes (e.g., geomorphology and rainfall 

characteristics) in parallel to social processes (social vulnerability). In Chapters 3 and 

4 there was analyses of physical processes related to water-related multi-hazards 

including their timing, distribution, hydrometeorological drivers, anthropogenic 

processes, and landscape properties. Crucially these multi-hazard attributes also 

mediate the social vulnerability of people and places. 

Chapter 3 found that water-related multi-hazards are driven by the progression of the 

South Asian Monsoon which arrives in the west and moves eastwards, affecting the 

spatial distribution and timing of the hazards across Nepal. This analysis gave a spatial 

and temporal context to assessing the potential vulnerability to multi-hazards.  

From a temporal perspective, the knowledge of seasonal variation of multi-hazards 

plays an important role in the development of place-based coping strategies. For 

example, land management practices may change throughout the year to avoid multi-

hazard prone areas at particular times. People's beliefs and attitudes may also 

influence where and at what times of the year they farm, through community 

institutions such as seasonal calendars (Birkmann, 2006; Twigg et al., 2003). Specific 

place-based norms of social vulnerability come from community-based learning by 

locals over long periods about which knowledge and coping strategies are most 

effective in reducing disaster risk (Rigg et al., 2016). In other cases, beliefs may cause 
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a reluctance to change, and there may even be an attitude of acceptance to the fate 

of multi-hazards (Posch et al., 2019). The histories within a place - for example, 

different experiences of exposure to multi-hazards – will result in different attitudes 

towards them. It may either foster a culture of coping/adapting or a culture of 

fear/anxiety over such events. People's perception of place may also change making 

some places more welcoming, opening opportunities for hope and for acting 

proactively. 

The spatial variation of water-related multi-hazards is also important in place-based 

vulnerability to multi-hazards. For the physical analysis in Chapters 3 and 4, Nepal 

was divided into nine natural regions based on drainage basin and physiography. It 

was found in Chapter 3 that most flooding occurred on the fertile land of the Lowlands, 

and the steep slopes of the Middle Mountains and High Mountains were susceptible 

to landslides. Social vulnerability is likely to vary spatially in accordance with this 

exposure, although it is not necessarily areas that have the most exposure to multi-

hazards that have the most vulnerable people due to their different situations, 

adaptations, and mitigation capacities (Gautam, 2017). For example, the High 

Mountains have less hazards but can be highly vulnerable due to isolation and limited 

access to health facilities (Aksha et al., 2019). The Middle Mountains of the Gandaki 

basin have the highest level of co-occurrence of landslides and flooding and may be 

a very vulnerable area due to a high population density and high urbanisation with 

major cities such as the capital, Kathmandu. Aksha et al (2019) found that the highest 

levels of social vulnerability were in the central and western Middle Mountains and the 

central and eastern Terai despite these areas having similar hydrometeorological and 

geophysical characteristics. One of the reasons for this was that levels of education 

and wealth were less in these more vulnerable zones. At a more local scale, a case 
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study by Aksha et al (2020) in the eastern Terai found differences in vulnerability within 

a city depending on infrastructure. They found that places with a poorer built 

environment were more vulnerable than those that were rapidly developing. Thus, 

even within communities different households may have different levels of vulnerability 

and within those households the vulnerability of individuals also may vary (Samir, 

2013).    

Furthermore, the proximity to multi-hazards does affect the risk of physical damage 

and destruction, therefore potentially increasing vulnerability (Giri et al., 2021). There 

are multiple reasons that people continue to live in such precarity (Rigg et al., 2016). 

Most clearly, people may be forced to live in a hazardous place because they are 

unable to afford to live elsewhere or it might be that economic benefits outweigh the 

risk, as is the case with highly fertile agricultural land alongside rivers susceptible to 

flooding. People may also remain in a place for traditional reasons i.e., their ancestors 

lived there, and support networks remain (Chaudhary et al., 2021).  

Chapter 4 looked at the environmental processes responsible for variations in hazard 

occurrence, namely the rainfall signatures driving multi-hazards and the catchment 

properties that modify the hazard occurrence. This is important for modelling and 

prediction of water-related multi-hazards that can improve reaction and response. 

Places within these sub-regions will not only have varied physical catchment 

properties but also people and communities with disparate connections and variable 

access to social networks and disaster risk knowledge, for example to government 

actors or NGOs specialising in disaster risk. In turn, this means fluctuating individual 

and community adaptive capacity to respond to multi-hazards and to anticipate their 

occurrence. However, it also opens the possibility of communities working with these 
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state actors in future to shape local policy interventions to respond more effectively to 

multi-hazard risk.   

Consequently, place affects our understanding of multi-hazards and associated social 

vulnerability. The three conceptualisations draw attention to the ways people can 

shape their place by responding to environmental conditions while these social 

relations can rework these conditions to make places distinct from each other. It 

follows that studies of social vulnerability need to prioritise social networks from small 

scale, between individuals and families, up to the relations with government actors 

and disaster risk agencies. This multi-scaled approach is important for realising the 

spatial variations in social vulnerability to multi-hazards. Time is also an important 

consideration as both historical and future multi-hazard projections affect vulnerability.  

In fostering a place-based approach to multi-hazards, there needs to be respect for 

people's choices and an understanding of the reasons why people reside in affected 

places. These understandings and considerations are important for developing 

strategies that are appropriate for all individuals. The priority must be on informing the 

actions and the logic of interventions of government actors and aid agencies. This 

close examination will give a better understanding of vulnerability to multi-hazards.  

To achieve this approach, I propose the following research questions and hypotheses 

as a priority for researchers taking forward a place-based approach to understanding 

social vulnerability to multi-hazards. 

1. What are the drivers of place-based social vulnerability to multi-hazards? 

- Multiple factors contribute to the social vulnerability of individuals and 

communities, including physical, socio-economic, political, ethnic, and 
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demographic variables. As stated in section 5.6, the intersection of these 

proxies for social vulnerability must be included in a place-based approach.  

2. How do external networks of relations shape place-based social vulnerability to 

multi-hazards? 

- The interactions between individuals, communities, and external networks of 

actors (including state and civil society, including NGOs) help to improve 

disaster risk resilience of places to multi-hazard events. This is addressed in 

section  . , which discusses the concept of ‘place’ and how it is related to 

different networks and the intervention of various actors.    

3. What interactions are there between socio-spatial relations and physical places 

of multi-hazards, and how do they develop over time? 

- Social vulnerability is controlled by both physical and climatic characteristics of 

specific landscapes and the local, socio-economic, political, ethnic, and 

demographic identities and attributes of individuals and communities living 

there. Within this chapter there are many linkages to the previous natural 

science chapters. 

The key implications of these research questions and hypotheses for policymakers 

are a greater sensitivity to the needs of people affected by multi-hazards. Disaster risk 

reduction strategies nationally must account for the differences in vulnerability 

between places and the levels of vulnerability of specific communities, taking account 

of the needs of different social and ethnic groups. 

Understanding vulnerability at a fine scale, such as the household or community level, 

comes with certain practical and economic challenges. Data collection requires 

significant time, money, and human resources to gather information at a localised level 
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through household level surveys, interviews, FGDs, and observations. Analysis can 

also be complex and scalability can be an issue. There must be prioritisation of 

locations and people as well as deciding the sampling approaches required. There will 

also have to be participation from communities and stakeholders throughout the 

process to reduce costs, build sustainability, and help overcome barriers related to 

language, trust, access, and communication.  

I propose that national disaster risk reduction strategies must attack both social and 

physical drivers of vulnerability. There must be attention to national policy, and 

institutional reform and capacity. In Nepal this is particularly important because 

governance systems are still evolving and often policy is not implemented effectively.  

The place-based approach ultimately gives context into the overlap of physical spaces 

and social relations. Chapters 3 and 4 investigated the physical processes associated 

with floods and landslides throughout Nepal concluding that rainfall, landscape 

characteristics, and human intervention drive and modify the occurrence of water-

related multi-hazards.  This understanding of the space-time patterns of multi-hazards 

can be combined with various situational information, such as population density and 

socio-economic characteristics of the population. The experience of physical hazards 

and social vulnerability are interconnected although for each area there are particular 

issues that tie into social vulnerability that are specific to communities. 

Consequently, greater research and resources must be employed to evaluate the 

needs and circumstances for different people and places through time. The place-

based approach foregrounds that any assessment of multi-hazard vulnerability is 

made from the perspective of the vulnerable people themselves. As outlined in the 
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framework in Chapter 2, this knowledge can be used for understanding and co-

designing locally appropriate strategies to mitigate social vulnerability. 

Policy must evolve to meet the needs of the exposed population and their lived 

experiences with increasing attention paid to incorporating adaptation in vulnerability 

analysis. There needs to be an integrative, coupled human-environment approach to 

the interactions between socio-economic dynamics and how these dynamics shape 

the resilience of different systems. Capacity building and far-reaching changes in the 

incentive structure for various disciplines to engage in more policy relevant research 

which links multi-hazards, vulnerability, and adaptation strategies is also required. The 

effect of a hazard is amplified or mitigated by particular place-based interconnections 

like coping strategies as such, community expertise must be brought together with 

NGOs or the state to reduce disaster risk. 

In addition to the framework set out in Chapter 2, there needs to be an expanded 

vulnerability analysis framework for the assessment of human-environment systems 

that can be multi-disciplinary in nature and can facilitate the coalescence of models 

and metrics in a place-based approach. 
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5.10. Conclusions 

This chapter elaborates the ‘People and Place’ pillar of the multi-hazard framework 

set out in Chapter 2 through a narrative review of the social vulnerability literature 

across Nepal and by describing the benefits of a place-based approach to multi-hazard 

research. The narrative review identifies the differences, similarities, gaps, and 

limitations in social vulnerability conceptualisation and analysis. The place-based 

approach addresses these points by considering how social vulnerability is dynamic 

and varies across scales and how multi-hazards are specific to places. The research 

agenda that flows from this must involve a multi-scaled approach bringing together 

information on policy and governance, social demographic data, and insights into 

popular perception and experience. It also considers the intertwining of social 

conditions of people and the physical drivers of multi-hazards. This relates to Chapters 

3 and 4 that analyse the patterns and processes surrounding multi-hazards. The 

coalescence of these projects provides the potential for future work on place-based 

modelling and prediction of water-related multi-hazards as set out in the framework in 

Chapter 2. This will have implications on the socio-institutional regime for disaster 

management. 
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Chapter 6 - Conclusions, Synthesis, and 

Future Work 

6.1. Introduction 

The introduction to the thesis in Chapter 1 provided background to the subject area 

and a rationale for the research. It outlined the aim which is to better understand 

water-related multi-hazards in a sustainable development context and identified 

four clear research objectives which were addressed in Chapters 2, 3, 4, and 5. These 

objectives were as follows: 

1. To develop a framework for understanding water-related multi-hazards in a 

sustainable development context. This was the outcome of a bibliometric 

analysis conducted in Chapter 2. 

2. To investigate the patterns of co-occurrence of water-related multi-hazards in 

Nepal. This was the subject of Chapter 3. 

3. To determine the hydrometeorological drivers and river basin controls of water-

related multi-hazards. This topic was covered in Chapter 4. 

4. To conceptualise social vulnerability to multi-hazards and outline a place-based 

approach. This was addressed in Chapter 5. 

This final chapter concludes the thesis by synthesising the major research findings 

and recommending areas for future work. This thesis structure is shown in Figure 6.1. 
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Figure 6.1. Schematic diagram of the thesis structure. The red boxes show each of the chapter titles and the blue 
arrows show the interconnections between those chapters. 
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6.2. Major research contributions 

In this thesis, there were a number of major research contributions to methods and 

new knowledge generation that advance our understanding of water-related multi-

hazards in a sustainable development context. These may be summarised as follows 

(with further explanation in subsections immediately below): 

1. The proposal of a novel (and testable) framework which provides a powerful 

tool for analysing and understanding water-related multi-hazards (Chapter 2).  

2. There is space-time variation in the occurrence of water-related multi-hazards 

in Nepal and there is clear evidence of high co-occurrence across the Middle 

Mountains and Gandaki river basin (Chapter 3). 

3. Water-related multi-hazard occurrence and co-occurrence appears to be driven 

by rainfall and modified by the basin properties (Chapter 3).     

4. Further analysis of these factors found that rainfall is not the only driver of water-

related multi-hazards and that there are other contributing factors, including 

anthropogenic activity, namely road building and land use change (Chapter 4). 

5. Evaluation of social vulnerability found that it is shaped by place-based issues, 

notably coping strategies developed by people living in hazard prone areas who 

have direct personal experience of their effects (Chapter 5). 

6. A place-based approach considers multi-hazards as specific to places, while 

recognising the intertwining of social relations and physical drivers that 

comprise these multi-hazards that arise from multiple scales moderating place-

based vulnerability (e.g., through public policies, NGO interventions, etc.) 

(Chapter 5). 
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6.2.1. A framework for understanding water-related multi-hazards in a sustainable 

development context (Chapter 2) 

Chapter 2 developed a novel framework using bibliometric analysis of the multi-hazard 

literature to identify research gaps and explore the existing approaches to multi-hazard 

research, thus addressing the first research objective. The outcomes of the 

bibliometric analysis were that there has been an increase in multi-hazard research 

over the last 20 years, there is less research in LMICs, and that the terms landslide 

and flooding commonly co-occur in the literature. It was also found that in the literature 

there is still a lack of understanding of the interactions, hydrometeorological drivers, 

and landscape controls on multi-hazards, in addition to an absence of recognition for 

the social vulnerability of multi-hazard prone places and the people who live there.   

The framework provides recommendations on how to understand water-related multi-

hazards in a sustainable development context from both a natural and social science 

perspective. As such, the framework has two pillars, namely ‘Hazards and 

Environment’ and ‘People and Place’. The ‘Hazards and Environment’ pillar indicates 

that data should be collected on hazard occurrence, rainfall characteristics, and basin 

characteristics through hazard inventories, remote sensing, and field observations. It 

states that this information should be analysed by probability assessments, threshold 

criteria modelling and GIS hazard mapping to generate knowledge on the drivers of 

multi-hazards and modifiers of landscape response. The ‘People and Place’ pillar 

indicates that data should be collected on policy and governance, perception and 

experience, and social demographic factors through literature/records, community 

histories, focus groups/interviews, and questionnaires/surveys. This should be 

analysed by situation analysis, vulnerability assessment, and social vulnerability 
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indexing to generate knowledge on co-designing locally appropriate strategies to 

mitigate social vulnerability to multi-hazards. Combining this knowledge leads the way 

for a place-based approach to multi-hazard modelling and prediction. 

The publication that has come from this work (Docherty et al., 2020) has been 

recognised and cited in a number of peer reviewed papers. Kreibich et al. (2022) 

describe the framework as a tool for assessing the two-way interactions and feedbacks 

between water-related multi-hazards, decision-making processes and conditions of 

socio-economic systems. Simmonds et al. (2022) and Butte et al. (2022) also cited 

this work and highlighted the importance of undertaking research to better understand 

the drivers of multi-hazards particularly in data scarce regions. Zhou et al. (2022) take 

away from it that it is important to analyse multiple recurrent natural catastrophes 

holistically. These citations demonstrate the utility of the framework as a tool for 

understanding multi-hazards. 

6.2.2. Exploring space-time patterns in co-occurrence of landslides and flooding 

(Chapter 3) 

Following the ‘Hazards and Environment’ element of the framework in Chapter 2, this 

part of the research investigated the patterns of occurrence and co-occurrence of 

landslides and flooding in relation to the magnitude and timing of precipitation and the 

river basin properties that control water-related multi-hazards in Nepal. It was found 

that there is space-time variation in the occurrence of water-related multi-hazards in 

Nepal and there is evidence of high co-occurrence in the Middle Mountains and 

Gandaki river basin. It was also discovered that water-related multi-hazards are 

influenced by the characteristics of the South Asian Monsoon, notably the monsoon’s 
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pathway across Nepal. In addition, the river basin properties modify both the rainfall 

patterns and the occurrence and co-occurrence of multi-hazards. 

In the analysis, Nepal was divided into nine zones according to the three river basins 

(Karnali, Gandaki, and Koshi) and three physiographic regions (Lowlands, Middle 

Mountains, and High Mountains). This was a useful frame to organise the large-scale 

national assessment of multi-hazards. First, the occurrence and co-occurrence of 

landslides and flooding during the monsoon was explored. The data was obtained 

from the DesInventar hazard inventory and analysed to show the space-time 

distribution of water-related multi-hazards in the nine zones. It was found that there is 

a high number of floods in the south which decreases on moving north and that the 

number of landslides is highest in the Middle Mountains and lowest in the Lowlands. 

The number and timing of hazards varies from east to west with more hazards in the 

west and peaks in July rather than August. There is co-occurrence of landslides and 

flooding in all of the zones, but levels of co-occurrence are high across the Middle 

Mountains and central Gandaki river basin according to a co-occurrence metric that 

was developed in the chapter.  

Using rainfall data derived from remote sensing, the space-time precipitation regimes 

for the nine zones were also analysed. The movement of the South Asian Monsoon 

from east to west was evident in the space-time variation over the nine zones. This 

indicates that precipitation could be a key driver of water-related multi-hazards but 

there may be other contributing factors modifying the hazard occurrence and co-

occurrence.  

The basin properties (slope, river density, river gradient, land cover, and geology) were 

investigated and found to modify both the rainfall and the hazard occurrence and co-
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occurrence. Rainfall appeared to be modified by the elevation and slope of the Middle 

Mountains creating an orographic barrier to rainfall and the steep valleys causing 

localised weather anomalies effecting the occurrence and co-occurrence of multi-

hazards. The basin metrics have an effect on landslides because steep slopes are 

more susceptible and the rate of rainfall infiltration effects slope instability by changing 

the pore water pressure and weight of the sediment load. These characteristics of the 

landscape also effect the number of floods by impacting the rate of runoff and other 

catchment storage and release processes. 

The research reveals that both the co-occurrence and the relative drivers vary across 

the nine zones. Therefore, rainfall and basin properties are paramount in driving and 

controlling multi-hazards, however there must be other contributing factors. These 

were investigated in the subsequent chapter (Chapter 4).  

6.2.3. Understanding space-time interactions between hydrometeorological and 

catchment controls on water-related multi-hazards (Chapter 4) 

Hydrometeorological drivers and river basin controls were analysed in more detail in 

Chapter 4. The main conclusion was that there is no clear evidence that one particular 

factor, such as rainfall metrics, Southern Oscillation Index (SOI), or road density, are 

driving the hazards in isolation; therefore, it appears that it is a combination of 

hydrometeorological factors and catchment controls that vary in space and time.   

Building on the work conducted in Chapters 2 and  , the ‘Hazards and Environment’ 

pillar was followed again by analysing rainfall signatures and other factors. Heatmaps 

were created to compare landslide and flood occurrence to rainfall magnitude, rainfall 

frequency, rainfall duration, and antecedent rainfall. The heatmaps showed that often 

floods occur later in the year than landslides indicating that antecedence could be 
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more important in the occurrence of flooding and that years when landslides are high 

are often followed by subsequent years when the landslides are low which could show 

evidence of path dependency for landslides. 

It was also found that years when flood numbers were high, landslide numbers were 

also high and vice versa. The five years when hazard occurrence was highest and the 

five years when hazard occurrence was lowest were chosen for daily rainfall time 

series analysis. This showed that the rainfall metrics do not follow the same trend 

annually or spatially and that years when the multi-hazards are high are not associated 

with years with high rainfall metrics in most cases.  

In addition, the SOI was plotted to see if there was any connection between the 

positive/negative values and multi-hazard occurrence and found that positive SOI 

values did not tend to correspond to years of high hazard occurrence or rainfall 

metrics. Road density was also investigated to see if there was any link between the 

nine zones. The outcome was that the zone with the highest hazard occurrence also 

had the highest road density indicating that this may be an important factor in driving 

multi-hazards, however this was done at a very broad scale and further work must 

look into this at a finer resolution. 

The knowledge generated from the ‘Hazards and Environment’ pillar in Chapters   

and 4 must be combined with an understanding of social vulnerability from the ‘People 

and Place’ pillar in order to develop a place-based approach to multi-hazard research.  
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6.2.4. Social vulnerability to multi-hazards: Elaborating the ‘People and Place’ pillar 

(Chapter 5) 

This chapter focused on the ‘People and Place’ pillar of the multi-hazard framework 

set out in Chapter 2. This pillar relates social vulnerability to the interaction between 

people and the physical aspects of multi-hazards. Conceptualising the ‘People and 

Place’ pillar, this chapter provided a rationale for a place-based approach by 

describing different conceptions of place in the Human Geography literature and 

developing a potential agenda for taking forward social vulnerability studies which 

goes beyond the snapshot metrics which currently dominate the field. 

First, a narrative review of the social vulnerability literature across Nepal was 

conducted. This review discussed the definitions and concepts of social vulnerability 

and the analytic approaches used in its quantification. It was found that vulnerability is 

dynamic and includes multiple factors and dimensions. The concept can be widened 

to include risk, exposure, susceptibility, sensitivity, and adaptive capacity. It was also 

found that social vulnerability encompasses physical, social, environmental, and 

institutional components. In terms of analytical approaches social vulnerability 

indexing is the dominant form of assessing vulnerability. 

Next, there is an analysis of proxies for social vulnerability incorporating empirical 

evidence from the most recent census on population density, literacy rate, and 

proportion of men living abroad. This gives a new perspective on how different 

characteristics intersect to make certain regions, communities, and individuals more 

or less vulnerable to hazards. It was found that overall population density, literacy rate, 

and proportion of males living abroad were highest in the Lowlands. The intersection 

of these proxies and the high risk of flooding creates high vulnerability in the lowlands 
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versus the Middle Mountains and High Mountains. However, there are many different 

axes of vulnerability to explore such as caste, ethnicity, and gender.   

Social vulnerability is a new field of study; therefore, there are many gaps and 

limitations which are addressed in this thesis. Those discovered were that the 

approaches to assessing social vulnerability fail to capture the variations across time 

and space and they underrepresent the iterative-dialectical tension between social and 

physical processes. The place-based approach addresses these limitations by 

considering how social vulnerability varies across different scales and addresses how 

multi-hazards are specific to places. 

The concept of place can be understood in three ways. Place can be understood as 

(1) a point in space, (2) a location with moral order, and (3) a location where different 

networks are related. The place-based approach considers the social conditions of 

people in those places, and how these relate to the physical drivers of multi-hazards 

as these physical and social processes are intertwined. 

It was found that lived practices and experiences of people and communities make 

them more/less vulnerable to multi-hazards. The benefits of a place-based approach 

are that it considers different coping strategies, social networks, and physical 

resources used to respond to multi-hazards.  

The place-based approach brings together information on policy and governance, 

social demographic data, and insights into popular perception and experience. This 

involves a nested research design that includes a varied suite of analytical techniques 

and data collection methods employed from the small scale, working with individuals 

and communities, up to district and national scale by working with state actors and 

disaster risk agencies. The approach prioritises key areas, including information 
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regarding the drivers of social vulnerability, an understanding of the external networks 

that shape social vulnerability and knowledge of the interaction between social and 

physical processes. 

  



  Chapter 6 – Conclusions  

193 

 

6.3. Synthesis of research 

The framework presented in Chapter 2 provided the foundation of the thesis (Fig. 6.2). 

Chapters   and 4 performed analysis according to the ‘Hazards and Environment’ 

pillar and Chapter   conceptualised the ‘People and Place’ pillar in a narrative review. 

Based on the research in this thesis, there are a number of key considerations to be 

added to the original framework to improve and further develop it into a more refined 

and valuable version (Fig. 6.3). 
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Figure 6.2. The original framework for understanding water-related multi-hazards in a sustainable development 
context as presented in Chapter 2. The bullet points show respectively the information required, methods of data 
collection, methods of analysis, and the knowledge generated that lead to a place-based approach to multi-
hazard modelling and prediction.  



  Chapter 6 – Conclusions  

195 

 

 

Figure 6.3. Refined framework for understanding water-related multi-hazards in a sustainable development context which synthesises the research. The blue boxes with white 
writing indicate content from the original framework, the white boxes with blue writing indicate additional key considerations, and the dotted white boxes with blue writing indicate 
the potential for further developments in both the people and impact and the extension of the framework sections. 
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In the original framework, the pillars ‘Hazards and Environment’ and ‘People and 

Place’ run parallel coalescing to give a place-based approach to multi-hazard 

modelling and prediction (Fig. 6.2). In the more refined version, a place-based 

approach encompasses all of the stages (Fig. 6.3). Conducting the research at all 

levels is place-based and does not necessarily lead to multi-hazard modelling and 

prediction but instead a more refined knowledge and understanding. 

The pillars ‘Hazards and Environment’ and ‘People and Place’ have not been included 

in the refined version indicating instead that the stages are concurrent. The sections 

‘Information’, ‘Data Collection’, ‘Analysis, and ‘Knowledge’ run horizontal, flowing into 

one another, and there are additional key considerations at each stage. 

It was recognised that more finely resolved data was required at the ‘Information’ and 

‘Data Collection’ stage on hazard occurrence, rainfall characteristics, basin 

characteristics, policy and governance, people’s perception and experience, and 

gender, ethnicity, age, and wealth. In Chapter 4, I also looked at road building and 

large-scale climatic factors. These should be considered in the refined framework and 

also include land use change as part of anthropogenic factors. There were also some 

additional factors that could be considered in the ‘Information’ section, including 

people’s education and profession and access to resources. Alternative and additional 

data sources will be described further in section 6.4, recommendations for future work. 

In terms of the ‘Data Collection’ section, a suitable spatial and temporal scale should 

be chosen for the hazard and environmental data. In our analysis we looked at a broad 

scale which was an ideal method for looking at the distribution of multi-hazards, 

precipitation, and basin properties over the whole of Nepal, but this could be refined 

by looking in more granular detail by using remote sensing or fieldwork. It is also 
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important to collect data from the individual to national scale on the characteristics of 

people and places.  

In the ‘Analysis’ section of the original framework, there was a focus on modelling and 

prediction which was beyond the scope of this thesis. These will be discussed further 

in section 6.4, recommendations for future work. Instead, Chapters 3 and 4 looked at 

the patterns and interactions of water-related multi-hazards with various causative 

factors which are vital key considerations for a place-based approach to multi-hazard 

research. 

Analysing data on people and place was done via a narrative review of the social 

vulnerability literature, an investigation of the spatial variation of vulnerability in Nepal 

using empirical data in relation to proxies, and an evaluation of place. Restrictions to 

travel due to the COVID-19 pandemic in 2020 and 2021 meant there was no option of 

conducting data collection or analyses through fieldwork. Situation analysis, social 

vulnerability assessment and social vulnerability indexing were not performed as 

stated in the original framework. These methods must be included in future work 

however the narrative review in Chapter 5 provided an important understanding that 

was required for this thesis.  

In addition to the knowledge generated on drivers and modifiers of multi-hazards, 

knowledge of the processes and mechanisms of multi-hazards must also be 

considered. Drivers and external networks that shape social vulnerability must also be 

understood in addition to understanding and co-designing locally appropriate 

strategies to mitigate social vulnerability to multi-hazards. The most important key 

consideration in developing our knowledge and understanding is recognising the 

interactions between social and physical processes. Sharing this knowledge with 
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stakeholders/decision makers would increase community resilience, reduce disaster 

risk, and promote sustainable development. 

An extension to the framework or further development is that it can be applied to a 

range of geographical settings, other hazard combinations, climate change scenarios, 

and other anthropogenic changes. These will be discussed in the next section on 

recommendations for future work.
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6.4. Recommendations for future work 

Based on the findings of this thesis, recommendations for future work have been 

highlighted and structured around the key themes set out below: alternative and 

additional data sources, process understanding, modelling and prediction, people and 

impact, and extension of the framework. 

6.4.1. Alternative and additional data sources 

Data quality, availability, and accessibility play major roles in improving our 

understanding of multi-hazards. There is a data shortage on water-related multi-

hazards in remote mountainous regions of lower- and middle- income countries 

(LMICs), particularly in Nepal. In order to implement the proposed framework a large 

amount of detailed data was required that was not always available. For this reason, 

there are limitations to the study and alternative methods of data collection should be 

considered in future work. 

Combining our study with complementary data to create a more powerful resource 

would have improved the study considerably. These would have included: 

• Additional or alternative hazard inventories, for example Emergency Events 

Database (EM-DAT),  the Global Landslide Fatality Database (GLFD) and the 

Dartmouth Flood Observatory (DFO). 

• Ground-based rainfall measurements from rain gauges and weather stations. 

• Low-cost sensor technology. 

• Annual road and land cover data. 



  Chapter 6 – Conclusions 

200 

 

• Social vulnerability data from interviews/focus group discussions, and 

participant observations by conducting fieldwork.  

• Secondary data sources within communities which would include community 

histories and personal testimonies of direct experience of disaster risk events. 

The DesInventar hazard database was used to investigate hazard occurrence in 

Nepal. It is a world leading resource that contains data on over 7000 hazards in Nepal 

between 1971 and 2013 with 31 variables. The time resolution of this data is limited as 

it does not extend to present day. However, the DesInventar database was suitable for 

examining broad scale patterns of multi-hazard occurrence.   

An alternative data source that could have been used is the Emergency Events 

Database (EM-DAT). This database provides comprehensive coverage of natural 

disasters in Nepal from 1900 until present. It is not as reliable as DesInventar because 

it relies on media sources rather than government records but it could be used to 

analyse more recent hazard occurrence in future work.  

Another resource is the Global Landslide Fatality Database (GLFD). Formed from 

media sources and government and aid agency reports, this database extends from 

2004 until present day in Nepal but only provides information on landslides and not 

flooding. Future work could involve combining this resource with flood databases to 

analyse occurrence of multi-hazards. 

Dartmouth flood observatory (DFO) data could have been used to combine data on 

flooding with the DesInventar database. The flood observatory, now based at the 

University of Colorado, has created the Global Active Archive of Large Flood Events 

from 1985 to present obtained from news reports, governmental and international relief 
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agency web sites, and other electronic data sources for reports on major flooding. 

However, this is incomplete for Nepal and may not record all floods due to a different 

definition of major flooding. The DFO also use space-based measurement, mapping, 

and modelling of surface water for flood identification. However, this resource has not 

been used extensively in Nepal because of false positives due to terrain shadowing 

(Nigro et al., 2014). Automated approaches to hazard mapping or inventory creation 

using remote sensed data could also be used to look at smaller regions at a higher 

spatial resolution in future work. 

The use and application of earth observations from satellites in disaster risk 

management is an exciting area of growth. The rainfall data used in this thesis was 

derived from the ERA5 gridded precipitation climate dataset and was open and freely 

available. This covered the time period from 1979 to present and was at a cell size 

resolution of 30 km. This was the best resource for measuring precipitation regimes 

and characteristics in Nepal. During the project, work was in progress to develop a new 

rainfall data set that blends the ERA5 data set with other satellite rainfall products and 

combine this with rain gauge network data. Integrated approaches like these, using 

rain gauges, and weather station data, could be used in future work to give higher 

resolution over mountainous environments and account for the difficulties associated 

with rain cloud shadowing where satellite data sometimes fails to record when it is 

cloudy or raining. However, groundbased observations in the Himalayas are limited 

because they are largely in the lower parts of the catchments due to the difficulties 

accessing certain regions. This is likely to result in a serious underrepresentation of 

rainfall. 
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Combining these official/statutory monitoring networks and remote sensing with citizen 

science approaches, for instance, working with communities to monitor rainfall and 

river flow using sensor technologies, rain gauges or smartphone imagery has potential 

for use as a future data source (Paul et al., 2018). The advantage of citizen science 

approaches is that it encourages community engagement and empowers people 

affected by hazards to make their own decisions on adaptation strategies and 

relocation. The disadvantages of using citizen science methods are that it can cause 

bias in data collection and sometimes fails to attract community engagement (Cieslik 

et al., 2019).    

Road network data was obtained from open street map (Geofabrik, 2023). This aspect 

of the project could be prioritised by having road data over successive years to find out 

how road construction through time has affected the hazard occurrence in the different 

zones. Investigating proximity of landslides and flooding to new roads would also be 

an area of future work which would clarify our understanding of the combined effects 

of rainfall and road building. This could be done through fieldwork or remote sensing. 

The land cover analysis was also limited by using one map taken from 2022. Thus, 

future work could look into changes in informal road construction and land cover over 

a suitable spatial and temporal scale.  

Primary data on social vulnerability through interviews and observations would be 

useful to have had but was unable to be obtained due to restrictions on travel for 

fieldwork during the COVID-19 pandemic in 2020 and 2021. Future work would include 

the collection of primary data on responses to multi-hazards to make direct 

connections between physical multi-hazards and coping strategies. Ideally these would 

be combined with secondary data sources from within communities including 
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community histories and personal testimonies of direct experience of disaster risk 

events. This thesis used the most recent census to analyse the differences in social 

vulnerability between the nine zones. Further work could focus on the social 

vulnerability within zones using district level data on some proxy metrics and add to 

the understanding of how different groups are affected by multi-hazards. This would 

enhance the proposal of a place-based approach. 

In summary, future work requires finer resolution analysis with fieldwork and remote 

sensing to develop a more powerful data resource. This would give the space-time 

resolution required to drive multi-hazard research forward. 

6.4.2. Process understanding 

Understanding water-related multi-hazards requires progression in thinking on the 

phenomenon and its variability. This thesis has looked at large-scale water-related 

multi-hazard patterns and causative factors between regions. Future work must look 

more directly at analysing the underlying processes and interconnections at different 

scales and particularly the interconnections between physical, hydrological, and social 

processes. 

This could involve taking more of a nested approach using the nine natural regions to 

structure the analysis and identify areas or zones in which it would be advisable to 

conduct more granular research. This could be done through case studies within those 

zones that would give more information on the processes that are representative of the 

wider area. These case studies would generate knowledge on the causes, evolution, 

and impacts of landslides and floods, as well as realizing the critical weather conditions 
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responsible for those particular hydrogeomorphic processes. Their evolution could 

focus on the sequence of events, whether they are cascading or compound processes.  

6.4.3. Modelling and prediction 

Monitoring and modelling are key components in the generation of forecasts which 

could provide valuable information on preparing, preventing, and mitigating the impacts 

of multi-hazards. Future work could use the refined framework to predict the likelihood 

or probability of slope failures and floods.  

This research has provided a knowledge framework to assist in the development of 

these models and forecasts. Understanding of the occurrence and co-occurrence of 

hazards and social vulnerabilities makes it possible to consider all the risks present in 

specific areas. Future work can use statistical or physically based models, such as  

hazard mapping, early warning systems, probability assessments, sensitivity analysis, 

and threshold criteria modelling (Barrantes, 2018). Using this knowledge of contexts 

and regional outcomes, the framework could also be used to look at data sparse 

regions through simulations or to make projections into the future for scenarios of 

climate and anthropogenic change. 

Climate is changing and the future will see more heat waves, intense storms, heavy 

precipitation events, and extension of drought areas (Güneralp and Liu, 2015). The 

refined framework could be used in future work to collect data on, for example, 

changing levels of precipitation. This would be very valuable in the case of Nepal 

because it has been found that annual extreme precipitation has increased across 

Nepal since the end of the 20th century increasing the threat of water-related multi-

hazards (Karki et al., 2017; Panthi et al., 2015; Pokharel et al., 2020). Other parts of 
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the world are also experiencing increasing threat of multi-hazards due to climate 

change which could be analysed using the framework (IPCC, 2021). 

In future work the refined framework could also be used as a tool to look at 

anthropogenic change such as changing land and water management practices. 

These models would include changes such as the excavation into hillslopes for road 

building and construction, removal of vegetation/deforestation, and the concentration 

or redirection of water to unsuitable places (Pradhan et al., 2022).  

6.4.4. People and Impact   

There needs to be a strong understanding of social vulnerability which is often the most 

complicated element of evaluating hazards. In particular this exposure and vulnerability 

must be understood in local contexts. The desk-based review and proxy analysis 

conducted in this thesis was important to understand the key processes, but some 

more empirical evaluation of social vulnerability must be conducted in the future to 

assess social vulnerability in Nepal. This would include situation analysis, social 

vulnerability assessment, and social vulnerability indexing.  

Future work could involve the development of detailed case studies exploring how 

households and communities living with ongoing risk from water-related multi-hazards 

could benefit from the data generated. This would require focusing on the questions, 

concerns, and needs of individuals which could supply communities and organisations 

with support needed where land use planning and relocation are concerned. 

There could also be closer attention to indigenous knowledges and coping strategies 

within place that could be used as a basis for co-producing structures that tackle social 

vulnerability. A place-based approach enables a more nuanced understanding of multi-
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hazard research by focusing on a specific place and engaging with communities in 

those places to better understand how they appreciate multi-hazards and how they 

make them part of their daily routines by hazard avoidance or risk reduction. This is 

critical because often communities are not able to direct and inform policy makers even 

though they have a much better understanding of these hazards and their spatial 

occurrence.  

An important part of future work could be to develop better connections with policy 

makers, NGOs, and communities about addressing multi-hazards and communicating 

the research. There remains a gap between international and national policy and what 

happens locally which must be recognised in future work. There must also be 

recognition for changing patterns of state and sub-state enforcement and changes in 

the government. 

An enhanced understanding of a place-based approach to multi-hazards brings 

together local level understandings of hazards and of coping capacities. There is great 

potential for future work when combined with a more refined understanding of where 

hydrological processes meet multi-hazards. 

6.4.5. Extension of the framework 

The revised framework shown in Figure 6.3 offers a nuanced understanding of the 

occurrence of hazards, their drivers and tipping points. This provides a targeted view 

on water-related multi-hazards in time and space which has great potential for 

application to other geographical contexts. 

It could be used in future work to include other multi-hazard combinations, for example 

earthquakes and landslides. This would require the collection of different hazard data 



  Chapter 6 – Conclusions 

207 

 

and analyses by different methods. In the case of earthquake-induced landslides 

information would be required on the earthquake ground and fault movement and 

landslide inventories in the aftermath of the earthquake (Sneddon, 2019). It could also 

be used in other geographical settings such as coastal and volcanic environments.  

The versatile framework is designed for use in LMICs but is not restricted by this. It 

could be applied in countries of various levels of development, such as for storms and 

hurricanes in the USA, providing they account for the place-based attributes and socio-

cultural contexts of different places. As such, it could be used worldwide to further our 

understanding of multi-hazards. This would not only reduce disaster risk in those 

places but also further our understanding of the interactions between hazards globally.  
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6.5. Final remarks 

This thesis has improved our understanding of water related multi-hazards. It has 

shown that there is a combination of factors that lead to the occurrence and co-

occurrence of multi-hazards and that a place-based approach which considers social 

vulnerability is vital.  

My research highlights the importance of interdisciplinary research and provides a 

framework for future research in a range of different multi-hazard contexts and settings 

world-wide. An in-depth grounded understanding of water-related multi-hazards and 

the communication of this knowledge to stakeholders is essential for any policy and 

community engagement, which can reduce disaster risks and has potential to save 

lives and livelihoods. 
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I Introduction

Natural hazards have devastating economic,

societal and environmental impacts around the

globe (UNISDR, 2015). It has become widely

accepted that hazards do not occur in isolation

and this realisation is vital in furthering our

understanding of natural hazards (Gill and

Malamud, 2014). Multi-hazard research is the

study of multiple hazards and their interactions

within a defined time and space (Kappes et al.,

2012). Hewitt and Burton (1973) first proposed

the concept of investigating all hazards and

environmental parameters within a hazardous

environment, followed over a decade later by

Lewis (1984), who used the term ‘multi-hazard’

in the analysis of hazards, namely the combina-

tion of earthquakes, droughts and hurricanes in

Antigua. These papers set the foundation for a

holistic approach to multi-hazard research, in

which both environmental and socio-economic

parameters are considered. Through time,

multi-hazard research has evolved with valu-

able contributions made from several disciplin-

ary perspectives. In more recent years, the social

vulnerability of affected populations has been

included in the assessment and management of

natural disasters (Blaikie et al., 1994; Cutter,

1996). This research has resulted in an extensive

literature, emphasising the need to consolidate

findings and identify gaps in existing research

through meta-analysis.

Crucial here is enhancing our knowledge of

multi-hazards given their role in exacerbating

development challenges faced by low- and

middle-income countries. These challenges are

often intensified by the impacts of intersecting

natural hazards, meaning that progress towards

achieving the United Nations’ Sustainable

Development Goals must involve a comprehen-

sive understanding of multi-hazards, as outlined

in the Sendai Framework for Disaster Risk

Reduction (SFDRR) (UNISDR, 2015). Lower-

and middle-income countries (LMICs) are

impacted most heavily due to high levels of vul-

nerability related to poverty, inequality and illit-

eracy, in addition to the challenges presented

within evolving governance systems (Keating

et al., 2017). Furthermore, in LMICs, there is a

lack of resources and training, which restricts the

quantity and quality of data obtainable (Johnson

et al., 2018; Zogheib et al., 2018). This data short-

age leads to a paucity in knowledge and under-

standing (Barrantes, 2018; Uprety et al., 2019).

The threat of climate change further exacer-

bates these uncertainties, in particular highlight-

ing the increasing dangers of hazards related to

hydrometeorology (Gallina et al., 2016; Hannah

et al., 2005). Water-related hazards, such as

hydrologically induced landslides and flooding,

are among the most destructive of these hazard

types (Emerton et al., 2016; Shen et al., 2018). A

better understanding of water-related multi-

hazards is thus vital for implementing effective

evidence-based policies for disaster risk reduc-

tion, an issue that is particularly pertinent in

LMICs (Mignan et al., 2017). However, notwith-

standing these geographically defined effects, the

fact remains that existing multi-hazard frame-

works often fail in characterising the space- and

time-dependent dynamics of the environment

and do not always consider the people and places

that are affected (Haughton and White, 2018;

Pescaroli and Alexander, 2018). Consequently,

we argue that it is vital to develop innovative

approaches to analysing multi-hazards capable

of comprehensively investigating water-related

multi-hazards in data-scarce regions of LMICs.

This paper aims to progress physical geo-

graphic research by yielding valuable knowl-

edge on the current state of work using the

term ‘multi-hazard’, in line with the call for a
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multi-hazard approach in the SFDRR. We have

undertaken this task through a structured biblio-

metric analysis, which provides insights and

identifies trends and gaps within a defined lit-

erary sample by classifying publications

according to factors such as distributions, focus

and authorship (Gao and Ruan, 2018).

The results of these investigations underpin

the development of an innovative framework

that seeks to advance understanding of multi-

hazards in a sustainable development context.

Our framework is novel in that it takes a place-

based approach to address the full complexity of

a multi-faceted system and unites theories and

methodologies from differing perspectives and

skillsets, overcoming the challenges and limita-

tions of multi-hazard research.

II Data and methods

For the paper, bibliometric analysis techniques,

adapted from previous studies, were applied in

order to understand the scope and evaluate

trends in the multi-hazard research (cf. Karpou-

zoglou et al., 2016; Stewart, 2011; Xu et al.,

2018). The literature was distilled to provide a

representative sample and analysed according to

application and orientation, collaborative net-

works and their temporal, spatial, economic and

environmental distribution (see Figure 1). The

spatial, economic and environmental distri-

bution were investigated to discover areas that

have been less intensively studied, whilst term

co-occurrence maps were used to analyse the

focal topics of the research. The outcomes of this

analysis provide the evidence base to re-think

and focus a new framework.

The Web of Science Core Collection database

was used to find the available academic litera-

ture in the area of multi-hazard research. The

initial search used the term ‘multi(-)hazard(s)’

in the topic of the publications and generated a

raw data set of 602 results, starting with the first

paper to mention multi-hazards (Lewis, 1984),

Figure 1. Schematic flow diagram of the selection of bibliometric data sets and analysis. The blue boxes
indicate data sets, the red boxes are actions taken to filter those data and the green boxes show the analysis.
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extending to 2018, the most recent at the time of

the search (data accessed 14 January 2019). The

results were read, evaluated and filtered accord-

ing to a set of selection criteria; publications

were only included if the term multi-hazard was

present in the title, abstract and/or keywords, the

hazards mentioned could be categorised as nat-

ural or anthropogenic, and the publications were

relevant to understanding multi-hazards and/or

disaster risk reduction. From the raw data, 60%
of publications were excluded as they were

related to healthcare, social care, terrorism and

infrastructure reinforcement. Additional key

references in the field, not identified through the

initial search but highly cited within the remain-

ing publications, were added subsequently fol-

lowing the methods of Karpouzoglou et al.

(2016). This included Hewitt and Burton

(1971), a highly cited paper describing the con-

cept of ‘all hazards at a place’ without using the

term ‘multi-hazard’, and a number of highly

cited papers using the synonyms cascading

and/or compound hazards. This protocol nar-

rowed the dataset to publications specific to this

study and key to developing a new framework

for disaster risk reduction.

The resulting 241 papers formed the biblio-

graphic data set, which was first analysed

according to temporal distribution. The number

of publications through time, based on the year

of publication, was plotted to investigate the

temporal trend from 1998–2018. This time-

frame was selected because only two articles

were published before 1998, namely Hewitt and

Burton (1971) and Lewis (1984). These have

not been included in this sample due to the

sparse level of publication between 1971 and

1998 as single hazard approaches were domi-

nating the field.

Of the 241 publications, 188 were research

articles set in specific case-study locations. The

53 remaining publications included compara-

tive studies, broad-scale global analysis and

conceptual review papers. Case studies were

identified individually by finding and noting

references to study locations and also the loca-

tion of the institute conducting the research.

This generated data to analyse the spatial distri-

bution and economic level of the case-study

areas and a comparison with where the research-

ers had published. The level of economic devel-

opment of each country was based on the World

Bank 2018–2019 country classifications (World

Bank, 2018). The information on study location

was coupled with the location of publication to

evaluate global North to global South distribu-

tions in research.

The bibliographic data set of 241 papers was

also analysed according to overall focal topic.

This was done by creating a term co-occurrence

map based on text data, generated using VOS-

viewer version 1.6.9 (van Eck and Waltman,

2018). The minimum number of occurrences

of a term was set to 10 and of the 15,080 terms

detected, 237 met this threshold. Irrelevant

terms, such as case-study locations, highly

cited author names, journal titles and words

present in all texts were filtered before the map

was generated.

In addition to finding these trends, the iden-

tified literature was also critically analysed to

evaluate the key themes, major challenges and

existing approaches. The literature attributes

from nine highly cited publications were iden-

tified and displayed in table form. The analysis

of this data using the methods stated was

intended to provide a comprehensive overview

of the multi-hazard literature and identify the

challenges and key considerations for develop-

ing a framework.

III Bibliometric analysis and
interpretation

3.1 Spatial and temporal distribution

Figure 2 shows the temporal distribution of pub-

lications related to understanding multi-hazards

and disaster risk reduction between 1998 and

2018. We find an overall increasing trend over

this 20-year period characterised by a slow
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progression between 1998 and 2010, followed

by a gradual increase. This is a significant trend,

taking into account that the total number of pub-

lications has also increased through time. The

scientific community gradually began to focus

on multi-hazards from around 2003, then

Kappes et al. (2012) defined the term multi-

hazard, which made a significant impact on the

temporal distribution of the literature (Figure 2).

The introduction in 2015 of the SFDRR, which

calls for a ‘multi-hazard’ approach in relation to

disaster risk reduction, may have had some

impact on increasing multi-hazard publications,

although a marked change is not evident

(Figure 2). In 2018 alone, 57 articles were pub-

lished related to understanding multi-hazards

and disaster risk reduction.

We identify several reasons for the increase

in the number of publications on this topic over

the past 20 years, indicating the increasing

recognition and importance of investigating

multi-hazard environments. Climate change,

increasing climate variability and the occur-

rence of extreme events linked often to the

devastation of human environments has encour-

aged research on natural hazards (Sullivan-

Wiley and Short Gianotti, 2017). In addition,

over time, there has been increased understand-

ing that hazards do not tend to act in isolation

and thus a multi-hazard approach is required.

This has been internationally recognised and

published in strategy and policy documents,

including the SFDRR (UNISDR, 2015).

Analysing the spatial distribution of multi-

hazard case studies shows that the highest den-

sity is in Europe, representing 30% of all studies

(Figure 3). The countries with the highest total

number of case studies are China, USA, Italy

and India. Further analysis of the localities

shows the majority of research has taken place

in higher-income countries (HICs) rather than

those with a lower income (Figure 3). Author-

ship analysis showed that in 66% of the publi-

cations the area studied is in the same country as

the institute of the first author. This indicates

that research has tended to be conducted by

local researchers, due to the low cost of local

fieldwork, rather than an international focus

Figure 2. Temporal distribution of reviewed multi-hazard publications.
The red bar shows the Sendai Framework for Disaster Risk Reduction (SFDRR).
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from countries in the global North on countries

in the global South.

This analysis shows that multi-hazard envir-

onments in HICs have been studied more inten-

sively than those in LMICs. Our analysis

suggests that this is because in HICs more

numerous reliable data are available and it is

easier to access remote areas and conduct field-

work for sourcing primary data (Petley, 2010).

Thus, we argue that we need to balance the spa-

tial distribution of multi-hazard research and

ensure that the understanding of hazard-prone

environments in LMICs is not limited by access

to and availability of data.

In addition, channels of communication

between citizens and authorities are better devel-

oped in HICs, resulting in a greater response to

knowledge generated for disaster risk reduction

(McCallum et al., 2016). These data-intensive

and cooperative systems have enabled most

communities in HICs to develop strategies for

coping with natural hazards and build resilience

for effective recovery. This must be a priority

outcome for the development of a framework

focused on remote data-scarce regions of

LMICs.

3.2 Focal topics

Analysis of the occurrence of frequently used

terms within the text data is useful for realising

the key focal topics within the refined literature.

Figure 4 shows a term co-occurrence network

diagram and a chart of the most frequently occur-

ring hazard terms based on text data from the

refined data set. The colours on the diagram show

three distinct clusters of related terms. In red, we

have key quantitative methods and techniques for

addressing disaster risk reduction, namely ‘Geo-

graphical Information Systems (GIS)’, ‘remote

sensing’, ‘probability’, ‘model’ and ‘mapping’,

which have strong linkage with the hazards ‘vol-

cano’ on one side and ‘tsunami’ and ‘storm surge’

on the other. At the top of the diagram, the blue

cluster with multiple linkages across the figure

sets out instrumental hazard terms ‘earthquake’,

Figure 3. Spatial distribution of multi-hazard case studies and chart of case studies by level of economic
development.
The countries were classified according to the World Bank 2018–2019 as high-income, upper-middle-
income, lower-middle-income.
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‘landslide’, ‘flood’ and ‘fire’, which are strongly

linked to ‘multidisciplinary’ and ‘response’. On

the right-hand side of the diagram there is a green

cluster that highlights critical social themes

including ‘education’, ‘understanding’, ‘com-

munity’, ‘vulnerability’, ‘resilience’, ‘exposure’

and ‘adaptation’. Within this green cluster, ‘cli-

mate change’ and ‘drought’ are highly linked

with these themes.

Investigation of the occurrence of individual

hazard terms at a minimum of five occurrences

showed that the terms ‘earthquake’, ‘flood’ and

‘landslide’ had the highest number of occur-

rences and were closely related. The terms

‘flood’ and ‘landslide’ have the highest total link

strength, which means that they often occur in

the same articles. This indicates that much of the

multi-hazard literature focuses on these hazards

and regions where they are both present.

The focal topics of the bibliographic data

therefore fall into different disciplines and

categories. We argue that all of these themes are

important to disaster risk reduction, and they

must be brought together and considered from

the outset in the development of our framework.

Furthermore, this analysis has highlighted the

importance of topics falling within social sci-

ence research such as ‘education’, ‘community’

and ‘vulnerability’.

Hazard term analysis has highlighted that

hydrometeorological processes, specifically

landslides and flooding, were highly occurring

hazards and strongly linked. Landslides and

flooding have a strong linkage because they

have factors in common. They occur side by

side in mountainous regions and often affect the

same populations. The combined force of these

two hazards leads to the highest level of eco-

nomic damage and mortality (Shen et al., 2018).

Both hazards are driven by heavy precipitation

and controlled by the landscape characteristics,

yet there remains a poor understanding of the

Figure 4. Term co-occurrence network diagram based on text data and chart of the most frequently
occurring hazard terms.
The boxes represent frequently occurring terms and the lines that link the nodes represent the co-
occurrence of terms within publications. The different colours show the clustering of related terms.
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direct correlation and information on how they

interact (Allen et al., 2016). Climate change is

associated with more severe weather events,

which is likely to increase the number of events

and devastation caused by flooding and hydro-

logically induced mass movements in the

future. We argue that it is necessary to better

understand the processes related to landslides

and flooding in order to mitigate this risk. Thus,

we have focused our framework on understand-

ing water-related multi-hazards.

Water-related hazards are most often driven

by intense and/or prolonged rainfall whilst mod-

erated by site-specific basin characteristics

(Devkota et al., 2014; Kirschbaum et al.,

2012). The critical analysis also found that there

were many publications focused on the distribu-

tion of landslide events and the thematic group-

ing of different types of mass movements in

which flooding did not feature (Chen et al.,

2016; Galli et al., 2008). In some cases this was

because one event occurred without the other, as

is the case in many regions such as parts of the

Alps and Pyrenees (Papathoma-Köhle et al.,

2011; Turconi et al., 2015). Van Westen et al.

(2014) effectively group and analyse rock

falls, debris flows, surficial landslides and

slow-moving landslides separately. This has a

significant impact on our understanding of

multi-hazards and implications for disaster risk

reduction, and therefore must also be a consid-

eration within our framework.

Much of the research centred around

landslide-prone areas of south Asia focuses pre-

dominantly on landslide risk (Berti et al., 2012;

Kirschbaum et al., 2012; Petley et al., 2007).

Within these complex systems, antecedent rain-

fall accumulation and previous hazard occur-

rence can be responsible for priming more

hazards (Ruiz-Villanueva et al., 2017), for

example, the gravitational mass-movement of

water-logged slopes, slope instability caused

by undercutting by floodwaters and sediment-

dammed landslide lake outburst floods (Allen

et al., 2016). Other significant drivers include

earthquake occurrence, over-grazing and vege-

tation removal, land-use change and the con-

struction of infrastructure such as roads (Dai

et al., 2002; Sudmeier-Rieux et al., 2019). There

is a gap in the literature in which to explore the

co-occurrence of both landslides and floods and

a new framework is required to further our

knowledge by identifying rainfall signatures

driving these multi-hazards and evaluate the

extent to which basin characteristics moderate

the landscape response.

3.3 Literature attributes

Attributes of the literature were analysed accord-

ing to a set of comparison criteria. Tables 1 and 2

display this analysis, with five examples of the

most highly cited review papers (Table 1) and

four examples of highly cited case studies from

the multi-hazard literature (Table 2).

The approaches to multi-hazard research

have been reviewed extensively (Gill and Mala-

mud, 2014; Kappes et al., 2012; Pescaroli and

Alexander, 2018). It was found that all the

review papers in Table 1 call for an integrated

multi-hazard approach or have the potential for

this approach to be applied. The selection of

example review papers range in their focus from

Blaikie et al. (1994) and Cutter (1996), in which

social vulnerability is given an equal impor-

tance to the geographic context, to Kappes

et al. (2012) and Gill and Malamud (2014),

which focus more on the quantitative methods

of understanding hazard interactions.

Kappes et al. (2012) focus multi-hazard

research on an all-inclusive examination of the

whole range of natural hazards present. Gill and

Malamud (2014) provide a network for visualis-

ing cascading interactions between 21 natural

hazards. These include earthquake, tsunami,

volcanic eruption, landslide, snow avalanche,

flood, drought, regional subsidence, ground col-

lapse, soil (local) subsidence, ground heave,

storm, tornado, hailstorm, snowstorm, lightning,

extreme temperature (hot), extreme temperature
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(cold), wildfire, geomagnetic storm and impact

event, which are divided into six major hazard

groups, namely geophysical, hydrological,

shallow earth processes, atmospheric, biophy-

sical and space. This concept is explored fur-

ther in Gill and Malamud (2017), in which 18

anthropogenic process types are combined

into the matrix; examples include groundwater

abstraction, material injection, vegetation

removal, infrastructure construction, chemical

explosion and fire. These more quantitative

papers lack a social vulnerability component;

however, the mathematical principles can be

used in the application of a multidisciplinary

framework for understanding multi-hazards.

Pescaroli and Alexander (2018), in the most

recent review, take a holistic approach and sup-

port an understanding and visualisation of the

build-up to high impact events considering

societal consequences.

In most circumstances, the key information

required for disaster risk reduction is predictions

of where, when and the magnitude of the hazard

extent (Liu et al., 2018). GIS hazard maps are a

useful tool for communicating the intensity and

distribution of ‘risky spaces’ (Haughton and

Table 1. Literature attributes table comparing key multi-hazard reviews using a set of comparison criteria.

Multi-hazard
review

Recommended
approach to
multi-hazards

Methods
or model
applied

Strengths
and challenges

Blaikie et al.
(1994)

Potential multi-
hazard
application

‘Disaster pressure and
release’ model.

Recognises and outlines that there is both a
socio-economic and natural side to
disasters.

Does not outline multi-hazard approach, yet
has potential to be applied to multiple
hazards.

Cutter (1996) Potential multi-
hazard
application

‘The hazards of place’
model of vulnerability.

Considers hazardpotential from geographical
context and social vulnerability.

Although facilitating multi-hazard
approaches, there is no insight into
multiple hazard interactions.

Kappes et al.
(2012)

Integrated multi-
hazard

Examining hazard
interactions through
binary and descriptive
matrices.

Defines and calls for an integrated multi-
hazard approach.

Does not consider people and place,
although has the potential to be applied to
multidisciplinary frameworks for
understanding multi-hazards.

Gill and
Malamud
(2014)

Integrated multi-
hazard

Identification and
visualisation of hazard
interactions.

Supports a wider understanding of
interactions, although is restricted to
sequential or cascading hazards.

Does not consider people and place,
although has the potential to be applied to
multidisciplinary frameworks for
understanding multi-hazards.

Pescaroli and
Alexander
(2018)

Integrated multi-
hazard

Scenario-building and
vulnerability assessments.

Identification of thresholds/
tipping points.

Supports an understanding and visualisation
of the build-up to high impact events
considering societal consequences.
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White, 2018). They provide a visual representa-

tion of hazard predictions that can be used for

implementing policy (Carpignano et al., 2009).

Furthermore, early warning systems inform peo-

ple at risk of natural hazards in advance of an

event, giving people time to prepare and/or evac-

uate. They are based on the identification of

threshold criteria for failure, according to the

Cumulative Act Effect Model (also known as the

Swiss cheese model) (Reason, 1990). In this

model, when multiple factors align in a specific

way, a reaction, in this case a hazardous event, is

likely to take place. Real-time and historical data

sets can be used to identify the points at which

the environmental and societal data reach a tip-

ping point at which these events occur. These

resources are important for building community

resilience and disaster preparedness (Gautam and

Dulal, 2013; Pei et al., 2014; Smith et al., 2017).

Hewitt and Burton and the other case-study

papers outlined in Table 2 use multi-hazard map-

ping (Bathrellos et al., 2017; Carreño et al., 2007;

Depietri and McPhearson, 2018). These provide

an effective spatial representation to predict the

timing and impacts of multiple hazards; how-

ever, this layering of multiple hazards does not

Table 2. Literature attributes table comparing key multi-hazard case studies according to a set of compar-
ison criteria.

Multi-hazard
case study Location

Approach
to multi-
hazards

Methods or
model applied

Strengths
and challenges

Hewitt and
Burton
(1971)

Ontario, Canada Multi-layer
single
hazard

‘All hazards at a
place’.

Multi-hazard
mapping.

Holistic approach to natural hazards in
which human response is also
incorporated.

Provides good foundation although
specific techniques are now dated.

Carreño
et al. (2007)

Bogota,
Colombia and
Barcelona,
Spain

Multi-layer
single
hazard

Multi-hazard
assessment
based on
physical and
socio-economic
indicators.

Multidisciplinary evaluation that takes
into account direct physical damage
and social fragility to seismic hazard.

Indicators are applied to single hazards
and then combined, which does not
allow for interactions/feedbacks
between hazards.

Bathrellos et al.
(2017)

Peloponnesus,
Greece

Multi-layer
single
hazard

Multi-hazard
susceptibility
mapping.

Comprehensive spatial representation
of multiple hazards, but does not
consider the social fabric.

Overlapping hazards opposed to
understanding and representing
hazard interactions in time and space.

Depietri and
McPhearson
(2018)

New York City,
USA

Multi-layer
single
hazard

Multi-hazard
vulnerability
mapping with
socio-economic
indicators based
on surveys and
weighting from
local expert
opinion.

Strong contribution specific to urban
developed multi-hazard situation.

Overlapping hazards rather than
integrated multi-hazard approach,
therefore does not consider
interactions/cascades between
hazards.
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promote an understanding of the complex inter-

actions and cascades between hazards. A frame-

work that supports an integrated multi-hazard

approach, in which the feedbacks and interac-

tions between hazards are understood, is needed.

The social vulnerability of the affected peo-

ple must also be understood and analysed

within a new framework according to existing

analytical methods (Gautam, 2017; Shrestha

et al., 2004). Blaikie et al. (1994) introduced

the ‘pressure and release’ model, which

explains the preliminary driving processes that

give rise to vulnerability in hazardous settings,

for example, exposure. Cutter (1996) builds

upon this in the ‘hazards of place’ model, in

which the social fabric is explored in more

depth and related to the geographic context.

In this model, the vulnerability is not fixed in

time and can adjust according to changes in the

risk, mitigation and context of the environmen-

tal hazards.

Concurrently, we argue that physical attri-

butes of multi-hazard environments must be

investigated alongside their interactions with

people and place (Aksha et al., 2018; Cutter

et al., 2008). The value of bringing the physical

and social together in this way gains a better

understanding of the actualisation of hazards

as risky events for different social groups in

particular places. Hazard mortality and level

of economic damage can be used for spatially

and temporally representing the intensity and

frequency of hazards and how they correlate

(Krishnan et al., 2019; Mysiak et al., 2018; Ski-

lodimou et al., 2019). This can be combined

with socio-vulnerability indexing from socio-

economic and demographic data to better under-

stand the relative vulnerability to environmental

hazards (Cutter et al., 2003). On a broader scale,

power relations, prevailing social structures,

access to resources, political influences and

socio-economic development of a place are all

factors that underlie vulnerability to natural

hazards and therefore must also be considered

(Blaikie et al., 1994; Pescaroli and Alexander,

2016). In particular, a framework is required to

build upon these place-based approaches and

provide new insights into multi-cascading risky

events like landslides and flooding.

IV The need for an analytical
framework

The preceding analysis strongly suggests that

there is a need for developing an alternative

framework for investigating water-related

multi-hazards, based upon the identification of

specific key factors. Bibliometric analysis and

critical evaluation of the literature identified a

growing focus on multi-hazard research and a

shift towards multidisciplinary approaches in

which the social vulnerability of the impacted

people is given an equal platform to the drivers

of hazards within the environment (Beccari,

2016; Birkmann et al., 2013; Cutter et al.,

2003; Rufat et al., 2015). There were two sig-

nificant research gaps identified. The first is that

there is less multi-hazard research in LMICs and

remote environments due to data scarcity and

limited accessibility. The second is that there

is a limited understanding of the interactions

between water-related hazards, specifically

landslides and flooding, their hydrometeorolo-

gical drivers and the controlling landscape

characteristics. Thus, the development of a

new framework must build upon these multidis-

ciplinary approaches with a fresh perspective on

landslides and flooding, whilst addressing the

challenges of work in remote data-scarce moun-

tainous regions.

V A multi-hazard framework

Drawing on the preceding analysis and focused

on water, we propose a novel framework offer-

ing a comprehensive understanding of multi-

hazards in a sustainable development context

(Figure 5). The framework foresees contribu-

tions from multiple academics from varied dis-

ciplines, non-governmental aid organisations,
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national and local government bodies, impacted

communities and other end-users. From the out-

set, both quantitative physical science and qua-

litative social science methods are combined to

generate actionable knowledge for multi-hazard

mitigation and adaptation.

The main pillars of the framework are paral-

lel themes of ‘hazards and environment’ and

‘people and place’ that essentially encompass

both quantitative and qualitative analytical

methods of the driving forces of natural hazards

and the risk that they pose. This relies on bring-

ing together different data sources for analysis

based on two key principles, namely under-

standing drivers of multi-hazards and modifiers

of landscape response, and understanding and

co-designing locally appropriate strategies to

mitigate social vulnerability to multi-hazards.

Addressing these different principles in a sys-

tematic and coordinated way gives a place-

based approach to multi-hazard modelling

and prediction. The framework components,

described in the following, have emerged from

the bibliometric analysis undertaken in this

paper in which major gaps in the existing

research were identified. We contend that the

utilisation of this framework would lead to mul-

tiple benefits for disaster relief agencies, gov-

ernments and communities directly affected by

multi-hazards.

5.1 Hazards and environment

This pillar involves contextualising the hazards

and environmental parameters within the phys-

ical setting based on the obtainable data,

focused on investigating hydrologically

induced landslides and flooding.

In LMICs there is a need for advancing tech-

nologies for data collection and processing, such

as low-cost sensors, public domain datasets and

new Information and Communication Technolo-

gies (ICTs) (Abdulwahid and Pradhan, 2017;

Kucera and Steinson, 2017; Zogheib et al.,

2018). Our framework achieves this by develop-

ing and integrating information from various

sources on multiple scales.

This pillar is broken down into ‘information’,

‘collection’ and ‘analysis’ sub-tasks using

methods and techniques already widely used

within the hazards literature (Allen et al.,

2016; Dahal and Hasegawa, 2008).

Rainfall, the main driver of these systems,

can be assessed according to various character-

istics including magnitude, frequency, rainfall

event duration and intensity, and the antecedent

Figure 5. A schematic overview of the proposed
framework for understanding water-related multi-
hazards in a sustainable development context.
The bullet points show respectively the information
required, methods of collection, methods of analysis
and the key knowledge questions that lead to our
place-based approach to multi-hazard modelling and
prediction. GIS: Geographical Information Systems.
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rainfall accumulation (Kansakar et al., 2004).

For example, satellite rainfall products such as

the Tropical Rainfall Measuring Mission

(TRMM) can be openly accessed and used to

analyse broad-scale rainfall distributions (Dun-

can and Biggs, 2012; Krakauer et al., 2013).

Weather station data and rain gauges can be

used to gather real-time high-resolution rainfall

data, which can be used to calibrate these prod-

ucts and provide detailed analysis (Prakash

et al., 2016). Hydrological data from rivers can

be gathered using field observations, and river

flow archives (where available) can be used to

assess past hydrological variability (Hannah

et al., 2011). Field and satellite observations can

be taken to analyse the river basin controls, such

as elevation, slope, river density and land cover.

Time-lapse analysis of these images can be used

to investigate changes in the floodplain, and

slope vegetation and channel morphology.

Hazard inventories based on satellite imagery

and field mapping are used to account for the

timing and spatial extent of natural hazards

within the system (Adhikari et al., 2010; Kirsch-

baum et al., 2015).

The integration of this meteorological, hydro-

logical, landscape and hazard information

enables an understanding of the interactions and

feedbacks between these water-related hazards,

one of the gaps identified within existing multi-

hazard frameworks during the bibliometric anal-

ysis. This understanding is necessary to support

hazard prediction and GIS-based modelling.

5.2 People and place

We contend that ‘people and place’ must be

given equal importance to ‘hazards and environ-

ment’, as shown in Figure 5. Specifically, the

requirements and risk currencies of the impacted

community and end-users must be considered

from the outset and throughout the framework

to ensure the outputs are useful, realistic and

sustainable.

Concurrent with ‘hazards and environment’,

this pillar is also broken down into ‘informa-

tion’, ‘collection’ and ‘analysis’ using existing

methods (Preston and Stafford-Smith, 2009).

At the national level, data should be obtained

on disaster risk reduction policy, governance and

societal structures from grey literature and gov-

ernment records. Community hazard resilience

data can be accessed through qualitative meth-

ods such as situation analysis, which is the exam-

ination of a social situation, its elements and

their relations, to provide a state of situation

awareness for decision-makers and therefore

greater adaptive capacity within the community

(Roy, 2001). These methods include vulnerabil-

ity and capacity assessments, which involve a

combination of focus groups and community/

household level interviews, questionnaires and

surveys to collect information. Specific survey

topics typically include contextual information

about affected communities and the multiple

hazards impacting them. The various risk curren-

cies must also be assessed, which include factors

such as human livelihoods, ownership of live-

stock and agricultural land, infrastructure provi-

sion, access to drinking water, communications,

level of education, economy and environment.

As stated in the results of the bibliometric

analysis, understanding the social situation in

this way is vital for furthering our knowledge

and making the research relevant and useful for

vulnerable communities.

5.3 Knowledge

As noted previously, the proposed framework

aims to yield information of direct practical

relevance with potential to support decision-

making for water-related natural disasters based

around two key principles identified from bib-

liometric analysis, namely (a) understanding

drivers of multi-hazards and modifiers of land-

scape response and (b) understanding and

co-designing locally appropriate strategies to

mitigate social vulnerability to multi-hazards.
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This involves first evidencing the co-occurrence

of water-related multi-hazards, then identify-

ing hydrometeorological drivers and basin

characteristics that modify those multi-

hazards. This can then be combined with

socio-economic data to construct statistical,

GIS-based models to yield predictive multi-

hazard vulnerability. This will improve our

understanding of the interactions of water-

related multi-hazards, their driving forces, the

factors that determine sensitivity of land-

scapes and importantly the vulnerability of

affected people. Prediction of multi-hazard

scenarios is particularly key to this framework

in an attempt to increase human preparedness

and, thus, to increase the potential resilience

of people and infrastructure.

In this way, the framework addresses the

identified gaps in the existing research and pro-

vides new insights into coping with the chal-

lenges of work in remote data-scarce regions

of LMICs. This framework is designed to be

used on multiple scales, adapting to the spatial

and temporal resolution of the available data.

Hence, hypotheses can be developed at a broad

scale by looking at large and long-term patterns

from satellite data, which can then be tested by

telescoping into areas in which there has been

detailed groundwork.

In addition, the proposed framework copes

with the communication challenges and sup-

ports a continual dialogue with stakeholders.

Disaster risk reduction and progress in the

sustainable development of vulnerable commu-

nities can only be achieved by engaging stake-

holders and initiating a response to actionable

knowledge. Therefore, effective communica-

tion between science and stakeholders is vital

to this framework (Buytaert et al., 2014; Paton,

2008). The SFDRR stated the importance of

‘society engagement’ and the ‘voluntary work

of citizens’ (UNISDR, 2015). This framework

offers many opportunities for participatory

approaches to knowledge generation. Lever-

aging new technologies, such as low-cost

sensors in combination with smartphones and

the internet, may allow community members

to play pivotal roles in leading the measurement

of environmental parameters, such as precipita-

tion, river water and soil moisture levels. The

participation of non-professional scientists in

data collection, interpretation and analysis

could increase the amount and quality of avail-

able data, whilst also engaging affected commu-

nities and promoting a better response to

actionable knowledge (Paul et al., 2018). It also

provides tools for local communities to address

decisions related to disaster risk reduction in

more socially equitable ways. This tackles the

failures of existing ‘top-down’ governance

models, common to LMICs, that depend on

external interventions and are blind to the needs

of marginal communities.

5.4 The benefits of this framework

We argue that the utilisation of this framework

has considerable potential to further under-

standings of hydrologically driven multi-

hazard environments, most clearly by providing

novel insight into how social vulnerability to

these multi-hazards occurs within place. Thus,

we envisage that by applying this framework,

community awareness of the interconnections

between hazards will be boosted, offering a

platform for structuring the co-generation and

sharing of knowledge, data and resources on

locally specific multi-hazards. This platform

function could be further enhanced through new

data-gathering opportunities via low-cost sensor

applications currently under development in

hydrology, which seek to generate actionable

knowledge for improving/refining multi-

hazard forecasting capabilities (Mao et al.,

2018). Such an approach has the potential to

empower communities to respond more effec-

tively to multi-hazards, reducing localised

disaster risk, increasing community resilience

and promoting sustainable development goals.
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VI Conclusion

This paper proposes a new framework for inves-

tigating water-related multi-hazards through

leveraging and synthesising existing methods

to address the challenges and gaps identified

to date. More specifically, building on a com-

prehensive bibliometric analysis of the multi-

hazard literature, the study provides a broad

overview and comparison of approaches cur-

rently used by the research community to eval-

uate and model different types of hazard

interrelations. This preliminary review, identi-

fying the main gaps in and challenges of current

approaches, presents the knowledge base for the

design of the novel framework for multi-hazard

appraisal able to address geographically spe-

cific key considerations, including available

and accessible data, community variability and

cross-sectoral collaborations.

Future work will involve the utilisation of the

framework to investigate natural and anthro-

pogenic controls and drivers of hydrologically

induced landslides and flooding at a case-study

level. This information will be used to generate

regional models and predictions to support the

design and implementation of disaster risk

reduction and preparedness plans. This progres-

sion in our knowledge and understanding can

be adapted to cover a broader range of multi-

hazard scenarios and a wider geographic

perspective.
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