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Abstract

:

Natural hazards are complex phenomena that can occur independently, simultaneously, or in a series as cascading events. For any particular region, numerous single hazard maps may not necessarily provide all information regarding impending hazards to the stakeholders for preparedness and planning. A multi-hazard map furnishes composite illustration of the natural hazards of varying magnitude, frequency, and spatial distribution. Thus, multi-hazard risk assessment is performed to depict the holistic natural hazards scenario of any particular region. To the best of the authors’ knowledge, multi-hazard risk assessments are rarely conducted in Nepal although multiple natural hazards strike the country almost every year. In this study, floods, landslides, earthquakes, and urban fire hazards are used to assess multi-hazard risk in Kathmandu Valley, Nepal, using the Analytical Hierarchy Process (AHP), which is then integrated with the Geographical Information System (GIS). First, flood, landslide, earthquake, and urban fire hazard assessments are performed individually and then superimposed to obtain multi-hazard risk. Multi-hazard risk assessment of Kathmandu Valley is performed by pair-wise comparison of the four natural hazards. The sum of observations concludes that densely populated areas, old settlements, and the central valley have high to very high level of multi-hazard risk.
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1. Introduction


Various geophysical locations on earth such as Himalayan region, alpine region, tropical region, volcanic vicinities, and coastal region, among others suffer from different hazards and their adverse impacts are exacerbated by population growth, urbanization, globalization, and climate change-induced alterations in the extreme weather. The economic losses associated with disaster events between 1990–1999 were more than 15 times higher than that between 1950–1959 [1]. Between 1995–2015, 1.35 million human casualties were attributed to natural disasters and half of them died due to earthquakes with the rest of the casualties being due to weather- and climate-induced hazards [2]. Although natural and anthropogenic hazards occur throughout the world, their economic and social consequences are much more severe in developing countries than in developed ones, resulting in negative economic growth thus obstructing development investment [1].



Nepal is exposed to a variety of natural hazards that cause disastrous damage to the built environment and result in loss of lives and properties. The most destructive natural hazards in Nepal are floods, landslides, earthquakes, and urban fire [3]. Young and fragile geology, very high relief, steep slopes, variable climatic conditions, and active tectonics trigger several natural hazards in Nepal every year. Furthermore, marginally planned and overpopulated settlements are the major factors that aggravate the impacts of disaster. For example, 13 different types of natural hazards resulted in 2940 disaster events between 2015–2016 [4]. These events caused 9708 fatalities; among them, 92.5% were due to the 2015 Gorkha earthquake. Furthermore, about a million houses were either partially or fully damaged and the total economic loss was estimated to be nearly 7 billion USD [5]. It is estimated that more than 80% of the total population can be exposed to natural hazards such as floods, landslides, windstorms, fires, and earthquakes [5]. Nepal lies in the 20th, 4th, 11th, and 30th rank worldwide in terms of multi-hazards, climate change- related hazards, earthquakes, and flood risks, respectively, as depicted by the 2004 study [6]. Disastrous events such as the 1993 flood, 2014 landslide, 2015 earthquake, and 2017 flood highlight the severity of multi-hazard risk in Nepal. There are several examples of one type of natural hazard resulting in another hazardous process in Nepal. For example, a massive landslide that occurred on 2 August 2014 at Jure village in central Nepal blocked the Sunkoshi River creating a landslide dam, which breached after 37 days with an outburst flood that damaged some houses more than 6 km downstream along the valley [7]. The 2015 Gorkha earthquake and aftershocks triggered many landslides and avalanches, the most notable among such was the debris avalanche that buried several villages in the Langtang Valley [8]. Furthermore, Nepal is prone to serial hazards that occur frequently and regularly, for example, floods and landslides occur every monsoon season (June–September). Sporadically occurring large earthquakes are known to increase spatio-temporal frequency of landslides as well. Complex interactions among different natural hazards result in cascading effects or synergies. Kathmandu Valley is prone to different types of natural hazards, and its built environment is very vulnerable [3]. Several studies have performed individual hazard assessments on seismic liquefaction [9,10,11], urban fire [12], ground shaking [13,14,15,16], flood [17,18], and landslide [19,20,21] in Kathmandu Valley. These studies are limited to a single natural hazard, variance in methodology, and study area coverage, which restrict decision-makers from determining areas susceptible to multiple hazards and from taking initiatives. Although multi-hazard occurrence is well supported by historical scenarios, multi-hazard risk studies are limited in Nepal.



Spatio-temporal distribution of primary impacts of a natural hazard is commonly presented in terms of hazard maps. Hazard mapping for different types of natural hazards such as floods [22,23,24,25,26], earthquakes [27,28,29], landslides [30,31,32,33], and urban fire [12,34] is widely reported in the literature. Hazard maps for different natural processes usually differ in definition/detail of hazard, spatio-temporal scales of the processes, and handling/integration of epistemic and aleatory uncertainties. Such maps are challenging to incorporate in policymaking, preparedness initiatives, and resource allocation efforts. In reality, natural hazards are complex processes and have cascading, triggering, knock-on, and domino effects. Risk mitigation and planning for such complex processes requires a holistic treatment of different hazards and their interactions, i.e., multi-hazard risk assessment. Therefore, a multi-hazard assessment is an effective tool in disaster and risk reduction, which depicts the coverage of potentially hazardous areas considering overall hazard scenarios. This term was first presented internationally in the context of sustainable development and Agenda 21 aiming to reduce environmental and disaster risk [35]. The United Nations (UN) supports the importance of multi-hazard risk assessment and elaborates it as “an essential element of a safer world in the twenty-first century”. Furthermore, it determines the vulnerable areas for multiple hazards with their threat levels that contribute to reduce the human casualties, economic losses, and identify priority areas for sustainable management [36]. Multi-hazard risk assessment faces several barriers such as lack of standard definitions of hazards caused by different processes, quantification of vulnerability and risk levels, methods for integrating different hazards, and the lack of empirical data, among others.



Methods such as heuristic and Multi-Criteria Decision Analysis (MCA) [37,38], statistical methods [39,40], deterministic methods [41], probabilistic methods [42,43], and artificial intelligence [44,45] have been employed in hazard assessments in published literature. The MCA can be implemented in frameworks such as the analytical hierarchy process (AHP) [46], fuzzy logic [47], and weight overlay method [48]. The AHP is one of the most popular MCA approaches. The AHP comprises problem definition, goals, alternatives determination, formulation of pair-wise comparison matrix, weight determination, and finding an overall priority [49]. It can be applied in absolute or relative measurements (experience and ability to judge observations) of connection between influencing factors and hazards that do not need a historical database and are simply based on the judgment of relative significance of each parameter class. However, the major demerits of this technique lie in its subjectivity in assigning weight and ratings for the parameter classes and lack of uncertainty estimation. Thus, the AHP method is effectively used only in relatively small study areas, which are often accessible for field investigation.



The study performs multi-hazard risk assessment and maps the same for Kathmandu Valley by optimizing the existing AHP method. This is achieved by integrating the AHP with a geographic information system (GIS). The blending of the AHP in GIS enhances the decision-making process with better illustration and mapping capabilities to facilitate the development of hazard maps. Such mapping helps to identify the highly susceptible areas for single hazard as well as multi-hazards that can play a significant role to address disaster risk reduction and also provide a guide for policymakers.




2. Materials and Methods


2.1. Study Area


Kathmandu Valley comprises three administrative districts: Kathmandu, Lalitpur, and Bhaktapur. It is located in central Nepal between 85°11′34″ E to 85°31′19″ E and 27°32′16.18″ N to 27°48′47.75″ N with a total area of 613 km2 (Figure 1). The valley is bowl-shaped loose soil deposit with relatively flat terrains centrally, hillocks in the outskirts, and mountains ranging from 1198 m to 2722 m above mean sea level (amsl) in the valley fringes. The weather is subtropical and is influenced by the South Asian monsoon with hot and wet summers (March–August) and cold and slightly dry winters (September–February). The average monthly rainfall varies widely with the lowest (4.2 mm) and the highest (402.1 mm) precipitation occurring in December and July, respectively. The valley is situated in the proximity of seismically active tectonic faults. The valley is filled with soft sediments and organic clay, which can potentially amplify ground shaking during moderate to large earthquakes.




2.2. Hazard Inventory Mapping


Individual hazard inventory mapping is a basic requirement of multi-hazard mapping. Mapping of hazardous events is important to understand the spatial relationship between the location of hazards and their predisposing factors. Inventory mapping in this study was performed by aerial photo interpretation, Google Earth engine, survey, historical data, and literature review. The inventory was cross-validated with the help of pilot field observations.




2.3. Factors Influencing Multi-Hazards


The type and source of data used in landslide, flood, fire, earthquake, and multi-hazard mapping are summarized in Table 1. Twenty-one influencing factors were selected based on the available information. Thereafter, a suitable class of the influencing factors and corresponding rating factors were assigned (Table 2). Each class was assigned with a rating factor between 0 to 4. The 0 value indicates the most stable condition having negligible hazard, whereas the value 4 represents the highest susceptibility of hazard occurrence. The overall methodological framework is presented in Figure 2. The Supplementary Tables S1–S4 summarize the influencing factors, classes, and corresponding rating factors for landslide, flood, fire, and earthquake hazard assessment, respectively. The thematic maps for the factors considered for flood, landslide, fire, and earthquake hazard assessment are depicted in Figure 3, Figure 4, Figure 5 and Figure 6, respectively. A summary of influencing factors for multi-hazard risk assessment is presented in Table 1.



2.3.1. Distance from Fault


Distance from faults is a significant factor for landslide events and seismic hazard because shorter distance from faults leads to greater probability of land subsidence, liquefaction, and building damage due to stronger shaking. The fault line data was digitized from Sakai [50] by geo-processing tools in Arc GIS 10.6, which depicts that the majority of fault lines are oriented along Northwest to Southeast (Figure 3a). The buffer zones at Euclidean distances of 200 m, 400 m, 600 m, 800 m, and greater than 800 m (Figure 3a) were used for both landslide susceptibility and earthquake hazard mapping.




2.3.2. Slope


Steeper slopes are more prone to landslides due to gravitational forces. The slope thematic map was prepared from the digital elevation model (DEM) [51]. The slope angle was classified in the interval of (i) 0–5°, (ii) 5–15°, (iii) 15–30°, (iv) 30–45°, and (v) >45° (Figure 3b) for landslide and seismic hazard mapping. Higher slope angle coincides with more likelihood of mass movements when compared to lower slopes. Gentle slopes and flat areas are more prone to flooding. For flood hazard assessment, slope angle was divided into intervals of (i) 0–3°, (ii) 3–7°, (iii) 7–13°, (iv) 13–20°, and (v) greater than 20° (Figure 4a).




2.3.3. Aspect


Aspect was derived from the DEM using ARC-GIS 10.6. Ten classes were considered as illustrated in Figure 3c. This factor is considered as an aggravation factor in landslides by several researchers [58,59]. It affects some hydrological processes such as evapotranspiration, weathering processes, vegetation, and plant root development, and meteorological events, such as the amount of rainfall and sunlight, drying winds, and the morphological structure of the area [60,61]. Normally, mountains observe more amount of rainfall leading to quick saturation of soil. However, it also depends upon factors such as slope topography, soil type, permeability, porosity, humidity, organic ingredients, land cover, and the climatic season [58]. This results in alteration of pore water pressure of slope material.




2.3.4. Profile Curvature


Profile curvature influences the driving and resisting stresses in the direction of mass movement. The profile curvature in this study was extracted from the DEM in Arc-GIS 10.6. Profile curvature was classified into (i) convex (<−0.5), (ii) flat (−0.5–0.5), and (iii) concave (>0.5) as shown in Figure 3d, which is used for landslide hazard assessment. Normally, convex slopes are well built as they dispense the runoff equally down the slope while concave slopes are regarded as potentially unstable as they concentrate water at the lowest point and contribute to the build-up of adverse hydrostatic pressure [62].




2.3.5. Distance from Stream


The stability of a slope depends on the degree of saturation of the material on the slope, and proximity to streams is considered to be an aggravation factor due to its contribution in saturation [63]. Proximity to the stream can be negatively correlated with the stability of slopes because it triggers the potential of slope erosion due to saturation of the lower part of the material. Precipitation results in the rise of river discharge that causes sediment deposition in the neighboring areas of the river and may lead to flooding. Five buffer zones were created to assign different levels of proximity as (i) <100 m, (ii) 100–200 m, (iii) 200–300 m, (iv) 300–400 m, and (v) >400 m for landslide and flood hazard assessment as shown in Figure 4c.




2.3.6. Land Use Land Cover (LULC)


The LULC change influences all four natural hazards considered in this study. It directly or indirectly affects some hydrological processes such as surface runoff, evapotranspiration, and infiltration and physical infrastructures such as open space, building stock, road and transport infrastructure, and critical facilities. For landslide hazard assessment, the agricultural land is more susceptible to landslide due to shallow rooted nature of most of the agricultural crops and the lack of proper drainage system. The presence of the built-up area creates the favorable environment for fire, flood, and earthquake hazard mostly due to exposure and the underlying vulnerabilities of constructed facilities. The LULC change factor was classified into (i) forest, (ii) water body, (iii) built area, (iv) agriculture land, and (v) restricted area as illustrated in Figure 4f.




2.3.7. Lithology


Lithology plays a vital role in landslide, earthquake, and flood hazard assessments. Three classes were considered for multi-hazard assessment as shown in Figure 4e. Local geological characteristics such as rock type, bed material deposition from the pre-historic era, surface runoff, infiltration, and permeability determine the effect of the geophysical, meteorological, and hydrological forces on terrain [44].




2.3.8. Distance from Road


Distance from road is negatively correlated with landslide as proximity to road may increase susceptibility of landslide hazard [64]. Good access and proximity of road network from the settlements reduce losses due to fire hazard as roads allow fire brigades to reach affected areas on time. Euclidean distance method was applied to generate five classes as (i) 0–100 m, (ii) 100–200 m, (iii) 200–400 m, (iv) 400–600 m, and (v) >600 m for landslide and fire hazard assessment as shown in Figure 3f.




2.3.9. Annual Precipitation


Heavy rainfalls trigger floods and landslides. Floods occur not only due to intensity and pattern of precipitation but also due to the moisture stored in the watershed basin, which is contributed by the previous hydrological process over a long time [65]. The inverse distance weighted (IDW) interpolation approach was applied to create the five buffer zones of rainfall as (i) <1400 mm, (ii) 1400–1500 mm, (iii) 1500–1600 mm, (iv) 1600–1800 mm, and (v) >1800 mm as depicted in Figure 4d.




2.3.10. Normalized Difference Vegetation Index (NDVI)


The NDVI was used to examine the presence of vegetation cover by measuring surface reflectivity. Vegetation provides both hydrological and mechanical effects that increase the stability of slopes by anchoring roots with soil and hence contribute in reducing speed of rainfall/run-off movement by creating a barrier. The NDVI was calculated from Landsat8 image in Arc-GIS 10.6 [51] and was classified into five categories as (i) 0–0.05, (ii) 0.05–0.15, (iii) 0.15–0.25, (iv) 0.25–0.35, and (v) 0.35–0.50, which were used in landslide hazard assessment. The NDVI value is inversely correlated to landslide susceptibility.




2.3.11. Elevation


Elevation was considered for landslide hazard because it is affected by geological processes. It commands the spatial disparity of hydro-meteorological condition and slope stabilities. It is also an influencing factor for flood as it affects runoff direction, moisture, temperature, wind direction, and the extent and the depth of the flood [66]. The DEM of 30 m resolution was used to derive the elevation classes of (i) <1300 m, (ii) 1300–1350 m, (iii) 1350–1450 m, (iv) 1450–1550 m, and (v) >1550 m as shown in Figure 4b.




2.3.12. Population Density


Dense settlements increase the exposure to natural as well as anthropogenic hazards. There lies a positive correlation between the population density and the potential number of casualties and property damaged by earthquakes and urban fire hazard. The high population density and clustered settlements result in challenges for response and evacuation during fire, landslide, and earthquake hazards. The population density was classified into six classes as illustrated in Figure 5a.




2.3.13. Distance from Fire Brigade


Fire brigades play a key role in protection and response activities as part of emergency management services in the case of fire incidences. Fire brigades when available in the vicinity will be effective in timely fire control. There are three fire brigades in the Kathmandu Valley. Euclidean distance method was applied to create the buffer zone of five classes as depicted in Figure 5b.




2.3.14. Distance from Gas Station


As per Nepal Oil Corporation (NOC) norms, a fuel station must consist of at least two fire extinguishers, four dry sand-filled buckets, water storage tanks, a spade, a fire axe, and safety gears such as fire-proof clothing and masks [12]. However, the safety measures are compromised in almost all gas stations. In addition, most of the gas stations are located nearby the densely populated areas that are under high risk of fire. The gas station locations were identified from Google Maps and five buffer zones were generated as illustrated in Figure 5c.




2.3.15. Distance from High-Voltage Transmission Lines


Transmission lines increase susceptibility of fires in their vicinity, and various damage including line tripping. Vegetation, trees, and settlements near the power lines likely play the most significant roles in fire events. Fire near the transmission lines is always challenging due to scenarios such as fuel type, moisture, occasional disagreement by landowners, high cost for right of way clearance, weather, and anthropogenic intervention. In this study, five classes of distance from transmission lines were considered as (i) 0–50 m, (ii) 50–100 m, (iii) 100–200 m, (iv) 200–500 m, and (e) >500m.




2.3.16. Distance from Electric Substation


Fire and explosion in electric substations occur due to various reasons such as (i) lightning strike, which can damage wires, equipment, and leads excessive electricity to flow into the transformer, (ii) heavy rain and strong winds result in trees to strike on the transformer, (iii) sudden damage to transformers which can also lead to overcharging, which produces excessive quantity of heat and sparks to ignite the mineral oil, and (iv) formation of flammable mixtures in different electrical equipment [67]. Hence, settlements close to electric substations are always at a risk of fire. In this study, distance from electric substations was categorized into five classes as presented in Figure 5e.




2.3.17. Distance from Main Settlement


Fire hazards are more likely to occur near dense settlements. High population density challenges firefighting, response, and evacuation operations in the case of a fire incidence. In addition, the major settlements of Kathmandu Valley are deprived from basic firefighting infrastructures, road networks, and supply of water during firefighting, etc. Distance from the center of the major settlements was classified into five categories as shown in Figure 5f.




2.3.18. Distance from Old Settlement


The old settlements in Kathmandu Valley are vulnerable to fire and earthquake hazards due to narrow roads, clustered buildings, flammable building materials, lack of safety measures, and dominance of vulnerable buildings stocks. The Euclidean distance was applied to compute the five distance classes as depicted in Figure 6d.




2.3.19. Probability of Soil Liquefaction


Liquefaction-induced failures in structures and infrastructures have been reported in Kathmandu Valley during past earthquakes. Apart from the earthquake magnitude, various elements such as age of the soil, sedimentation process, the depth of the water table, density, burial depth, ground slope, seismo-tectonics, sedimentary features, grain size distribution, etc., influence the liquefaction susceptibility of the soil. The liquefaction probability was divided into five classes for 475 years return period with a seismic intensity of moment magnitude (Mw) 8 at 1.5 m depth as illustrated in Figure 6c [9].




2.3.20. Seismic Intensity


Seismic intensity is a measure of ground shaking and its impact on the built environment. A seismic intensity map of Kathmandu Valley was retrieved from the study by JICA and MoHA [57], which is based on a Mid-Nepal earthquake scenario. This scenario was set based on the seismic gap in central Nepal. It assumed that Modified Mercalli Intensity (MMI) VIII would occur in Kathmandu Valley except for the mountainous areas in valley fringe. If an aftershock of magnitude 7 takes place at a position close to the main fracture zone, Kathmandu Valley would observe MMI VII. Seismicity of Kathmandu Valley was categorized into three classes: (i) VII, (i) VIII, and (ii) IX as depicted in Figure 6b.




2.3.21. Dominant Building Type


Different building types have a significant relation to structural topology and seismic vulnerability [68]. The dominant building type in this study was extracted by geo-referencing from the study conducted by JICA and MoHA [57]. The magnitude and extent of building damage is associated with the intensity of ground shaking and seismic performance of the structures as along with a vulnerability model, which elaborates the probability distribution of loss ratio for particular value of the intensity measure. Building types were classified into six group: (i) adobe, (ii) stone, (iii) RC (reinforced concrete), (iv) BM (brick in mud mortar), (v) BC (brick in cement mortar), and (vi) no building.





2.4. Determination of Layer Weights


The weights (wt.) of each layer were determined using the Analytical Hierarchy Process (AHP). The AHP is a semi-quantitative method in which decisions are taken using weights through pair-wise relative comparisons without inconsistencies in the decision process [69]. The AHP comprises five steps: (i) division of a decision problem into component factors, (ii) arrangement of these factors in ranked order, (iii) assignment of numerical values according to the relative importance of each factor (pair-wise comparison), (iv) setting up of a comparison matrix, and (v) computation of the normalized principal eigenvector, which gives the weight of each factor [70]. In conclusion, the fundamental principles of the AHP are (a) decomposition, (b) comparative judgment, and (c) assignment of normalized weight [71]. During AHP analysis, pair-wise comparison was carried out by comparing the relative significance, preference, or likelihood of influencing factors to establish the priority of each factor in the individual matrix. For instance, comparison of the factors was done using the scale from 1 to 9, in which 1, 3, 5, 7, and 9 respectively indicate equal, moderate, strong, very strong, and extreme significance, and 2, 4, 6, and 8 respectively indicate intermediate values. Conversely, less important variables were assigned 1 to 1/9 as shown in Table S5. An important characteristic of the AHP is that it can quantify rating inconsistencies with the help of consistency index (CI) as follows:


  CI =    (   ℷ  max   − n  )     (  n − 1  )     



(1)




where    ℷ  max     is the largest eigenvalue of the matrix of order n.



Saaty [69] developed an average random consistency index (RI) for different matrix orders (see Table S6) and proposed a consistency ratio (CR) to evaluate the possible inconsistencies in the judgment matrix. The evaluation of CR was performed based on the following equation:


  CR =   CI   RI    



(2)







Saaty [72] elaborated that weighting coefficients are acceptable when CR is less than 0.1; if greater than 0.1, the matrix becomes inconsistent, and revision of judgment is required to confirm realistic results. In this study, we compiled five matrices; four for evaluating landslide, flood, fire, and earthquake, and one to depict multi-hazard risk.




2.5. Hazard Assessment


The first step of hazard assessment involves individual hazard mapping based on the selected influencing factors. Thereafter, four hazard maps were superimposed based on their weights to generate a multi-hazard risk map for Kathmandu Valley. The details of individual as well as multi-hazard mapping are illustrated as follows.



2.5.1. Landslide Hazard Assessment


Landslide hazard assessment is governed by the basic characteristics of slopes and their susceptibility to failure. Table S1 illustrates the selected factors involved in the landslide hazard assessment, their classes, and their ratings. An 11 × 11 matrix was prepared for pair-wise comparison of the factors affecting landslide occurrence using the AHP approach. After the formulation of the matrix, scores were assigned based on the relative importance among the factors. Higher importance was given to slope which has a weight value of 0.253 and less importance was given to elevation with 0.038 weight, as depicted in Table S7. We validated the AHP method by applying the consistency ratio (CR) as the value was obtained as 0.021, which is well within the acceptable range as illustrated by Saaty [72]. Landslide hazard assessment was done by employing the weighted linear combination equation as follows:


  HI =   ∑   i = 1  n   R i   W i   



(3)




where HI denotes the individual hazard index, n is the total number of factors,    R i    is the rating of the factor i, and    W i    is the weight of the factor i.




2.5.2. Flood Hazard Assessment


A hydrological model can be used to evaluate flood peaks, depths, and volumes, and to generate flood hazard mapping. However, calibrating these models requires intensive data based on meteorological, hydrological, and geomorphological information. Many developing countries including Nepal lack such data at the watershed scale. Thus, a GIS-based flood hazard analysis was employed to assess the flood hazard in Kathmandu Valley. Table S8 shows selected factors, their classes, and their ratings for flood hazard assessment. For each factor class, a hazard rating of 0 to 4 was allocated. The 0 value denotes a more stable condition whereas 4 indicates high potential of flood hazard. A 6 × 6 matrix was prepared for the pair-wise comparison of different factors where the highest priority was given to slope, and the lowest priority was assigned to the LULC. The weights of 0.249 and 0.064 were calculated for slope and LULC respectively, and the CR value 0.044 (see Table S8) lies within the permissible limit of <0.10 as recommended by Saaty [72]. The flood hazard index was calculated using a weighted linear combination as depicted in Equation (3).




2.5.3. Fire Hazard Assessment


GIS-based fire hazard evaluation was used to analyze the spatial pattern of fire incidents in the study area. In this study, population density, distance from fire brigade, distance from gas station, distance from old settlement, distance from transmission line, distance from electric substation, distance from the main settlement, distance from road, and the LULC were considered. The hazard rating scheme for the influencing factors is presented in Table S3. For the AHP analysis, the pair-wise comparison of a 9 × 9 matrix was done. The highest weight (0.213) was evaluated for distance from gas station and the lowest weight (0.03) was calculated for distance from electric substation, and the CR was obtained to be 0.053 as depicted in Table S9. Similarly, the fire hazard index was evaluated using Equation (3).




2.5.4. Earthquake Hazard Assessment


To perform seismic hazard assessment, we used influencing factors such as seismic intensity, soil liquefaction, distance from old settlement, dominant building type, LULC, lithology, active faults, slope, and population density. The rating of factor classes considered for earthquake hazard assessment is shown in Table S4. A 9 × 9 matrix was built for the pair-wise comparison of influencing factors. The CR value was calculated as 0.021 that lies in permissible limit of <0.10. The seismic intensity (wt. = 0.178) and distance from old settlements (wt. = 0.178) were assigned as very important factors followed by soil liquefaction (wt. = 0.161), dominant building type (wt. = 0.161), active faults (wt. = 0.096), slope (wt. = 0.075), LULC (wt. = 0.064), population density (wt. = 0.044), and lithology (wt. = 0.043) as outlined in Table S10. The fire hazard assessment map was prepared by the sum of the weighted linear combination as depicted in Equation (3).




2.5.5. Multi-Hazard Risk Assessment


To perform multi-hazard risk assessment, each hazard was weighted using the AHP, because the degree of the impact (injury and death), losses, and risk of each hazard will be unique. The history of the earthquake in Nepal, for example, the 1934 Bihar-Nepal earthquake (Mw 8.3), the 1988 Udaypur earthquake (Mw 6.8), and the 2015 Gorkha earthquake (Mw 7.8) reveal that Kathmandu Valley will be severely affected by earthquake rather than landslide, flood, and fire hazards [73]. Thus, we assigned the larger relative significance to earthquake hazard as the study area is situated in a high seismicity region. As depicted by Gautam et al. [3], the highest damages and losses in Nepal were caused by the earthquake until 2018, followed by landslide, flood, and fire. Thus, relative significances were assigned accordingly. The AHP analysis was done by considering a 4 × 4 matrix for pair-wise comparison to calculate the weight. The analysis illustrated in Table S11 shows that the highest weight (0.498) was assigned for earthquake hazard and the lowest weight (0.122) was assigned to fire hazard. The CR value was 0.031, which is below the permissible limit. The multi-hazard risk scores were estimated by summation of the weight multiplied by corresponding hazards as follows:


  MHI =   ∑   i = 1  n   H i   W i   



(4)




where MHI is a multi-hazard index, n is the total number of hazards,    H i    is the hazard i, and    W i    is the weight of the hazard i. Finally, a multi-hazard map was prepared by classifying and ranking between 1 and 5, using the Jenks Natural Break classification method provided in Arc-GIS 10.6 (1 = very low, 5 = very high).






3. Results and Discussion


3.1. Individual Hazard Assessment


3.1.1. Landslide Hazard Assessment


After applying the AHP, the landslide hazard map was prepared as shown in Figure 7. The landslide hazard zonation map was produced by classifying the scores between 1 and 5 using the Jenks Natural Break classification feature provided in Arc-GIS 10.6. The valley was categorized into five classes, corresponding to different hazard levels as shown in Figure 7, which highlights that 28.53% (highest) of the land area is moderately susceptible to landslide and 8.78% (lowest) of the land area demonstrates very high susceptibility to landslide (see Table 3). The spatial distribution of landslide hazard highlights that the north-eastern part of Kathmandu Valley has high to very high susceptibility while the central area of Kathmandu Valley is less prone (very low and low susceptibility) to landslide hazard. Lower vulnerability of landslide in a highly populated area of Kathmandu Valley is attributed to relatively flat terrain (slope = 0–5°), comparably lower elevation and annual precipitation, and flat profile curvature (−0.5–0.5). Normally, low frequency of landslide takes place at very high and very low elevation because slope generally consists of rocks with high shear strength at very high altitudes, and more gentle slope at very low altitudes, while intermediate altitude slope leads to instability that is more susceptible to a landslide [74]. The north-eastern part of Kathmandu Valley is highly and very highly prone to landslide due to the presence of the mild to steep slope and also due to proximity of active fault lines.




3.1.2. Flood Hazard Assessment


As shown in Figure 8, spatial distribution of high and very high flood hazard levels is concentrated in core city areas and riverbanks, respectively. Notably, some rivers, including Bagmati, Bishnumati, Hanumante, Manahara, and Balkhu, have observed severe flooding problems in the past. These rivers have active channel shifting due to loss of high sediment loads during the monsoon season. During the dry season, human encroachment and commercial exploitation deepen the channel depth and narrow the width of the stream as highlighted in Figure 9. The most urbanized locations of Kathmandu Valley have moderate to high flood vulnerability because of road networks, dense settlements that restrict the infiltration of water into the soil-water zone, and lack of a good drainage system to divert water safely into the natural channel. As shown in Table 3, 13.59% of the flood-prone area is located within the limits of the very high, 21.54% falls in the high, 20.97% falls in moderate, 20.25% falls in low, and 23.32% falls in very low flood susceptibility regions. Regarding the distribution of the flood-prone areas based on LULC, agricultural land reflects very high susceptibility to flooding (6.96%) while the restricted areas contain the lowest considering very high flood susceptibility (0.29%). The reason behind higher susceptibility is due to dominance of agricultural land located at the bank of streams and rivers.



Bagmati is the main river that drains through Kathmandu Valley for ~25 km. The drainage basin morphology, geology, rainfall intensity, and duration are the key factors in maximizing the rainfall-runoff [75]. For instance, heavy rainfall in the central valley influences the volume of runoff and enhances flash floods in the Bagmati River and its tributaries due to the majority of land being covered by built-up area and road networks. Monsoon precipitation is dominant in Nepal which is a major cause of flood in Kathmandu Valley. In addition, improper land use plans, unplanned settlement distribution, and deforestation in the watershed increase the extent and intensity of flood devastation. Thus, the economic loss due to flood disaster is considerably high in Nepal [76].




3.1.3. Fire Hazard Assessment


Fire hazard was categorized in five classes employing the Jenks Natural Break classification method in Arc GIS, which marked 33.31% of the area under very low, 35.17% of the area under low, 15.99% area under moderate, 11.88% area under high, and 3.66% area under very high fire susceptibility levels (Table 3). From Table S9, it can be observed that distance from gas station (wt. = 0.213), distance from old settlement (wt. = 0.192), and distance from fire brigade (wt. = 0.164) most significantly affect fire hazard. The distribution of fire hazard within the valley is shown in Figure 10. The old settlements such as Bhaktapur, Patan, Chapagaun, Kirtipur, and Nardevi are very highly susceptible to fire because of dense population, built-up areas, lack of preventive measures, lack of fire-resistance measures in constructions, lack of fire protection policies and safety codes for the use of electricity, gas station, narrow road lanes, clustered households, use of flammable building materials, and aging water supply and electrical systems. The western part of the valley has low to very low susceptibility to fire hazards due to the presence of accessible networks and proximity to fire brigades, despite densely distributed gas stations. The spatial distribution of fire susceptibility shows very low and low hazard levels outside the core city areas and surrounding mountainous regions while only moderate fire potential can be observed in fewer places outside the urban core. Such low to very low hazards are explained by the presence of agricultural land, forest, low population density, and limited gas stations in those areas.




3.1.4. Earthquake Hazard Assessment


Very high and high potential seismic hazard are mostly distributed in the central valley, south-eastern, and south-western parts of Kathmandu Valley as illustrated in Figure 11. The main reason behind very high and high potential seismic hazard is attributed to dominance of non-engineered masonry construction, soil liquefaction potential, loose soil deposit, dense built-up area, and old settlements. Level of seismic hazard was categorized in five classes. At least 16.06% of the valley area falls under very low, 23.32% area falls under low, 29.13% of the area falls under moderate, 22.29% of the area falls under high, and 9.20% of the area falls under very high seismic hazard level. Even though most parts of Kathmandu Valley are susceptible to moderate seismic hazard, the presence of a large number of brick masonry buildings in soft soil resulted in severe damage during earthquakes. Furthermore, the basin structure induces a site effect that amplifies the intensity of the earthquake damage [77]. The peripheral areas have moderate level of seismic hazard, and the uninhabited mountains have very low and low level of seismic hazard. The central and south-western parts of Kathmandu Valley have Kalimati formation, which has very low bearing capacity compared to the north-east part of Kathmandu Valley (Gokarna formation), thus site effects and damages become highly scattered even within the valley.





3.2. Validation of the Different Hazard Maps


One of the most rational approaches for validation is physical verification, which is rather time-consuming and tedious. Thus, Receiver Operating Characteristics (ROC) curve, which depicts the effectiveness of diagnostic test [78], and hazard density were used to validate the earthquake hazard map because of the availability of the damage data due to the 2015 Gorkha earthquake. The y-axis of the ROC curve indicates the model sensitivity (true positive value), and the x-axis represents the false-positive predictions (1-specificity). The area under curve (AUC) value ranges from 0.5 to 1.0, and a greater AUC value regards higher prediction accuracy [79]. Figure 12 shows the ROC curve for earthquake hazard for the damage that occurred in Kathmandu Valley due to the 2015 Gorkha earthquake. The AUC was calculated to be 0.638, indicating moderate performance. Furthermore, hazard density of each class that defined as a ratio of observed hazard occurrences in respective hazard zonation class t provides the overall characteristic of the hazard zonation map. Table 4 depicts the observed earthquake damage density for different hazard classes where earthquake damage density for the very highly susceptible zone is 0.335 (remarkably larger than the other regions) followed by the earthquake damage density of 0.255, 0.211, 0.156, and 0.061 for high, moderate, low, and very low susceptible zones, respectively. These results illustrate a gradual decline in earthquake damage density from the very high to the very low hazard regions showing considerable variation in damage density values among different susceptibility zones. Although the ROC curve analysis shows moderate performance, the earthquake damage density evaluation reveals that classified hazard zones are in good correlation with incidents of past earthquake damage. However, only the light damage that occurred during the 2015 Gorkha earthquake was considered for validation purposes.



For other hazard maps, validation was carried out by superimposing historical hazard events. The historical events of flood, landslide, and fire hazard were obtained from the government repository [80]. Superposition of different historical hazard events in the study area is shown in Table 5. Thirty six landslide incidents were recorded in Kathmandu Valley, among them 44.44% of landslide events fall under very high susceptibility zones, followed by 36.11% under high susceptibility zone, 11.11% under moderate susceptibility zone, 5.56% under low susceptibility zone, and 2.78% under very low susceptibility zone. Similarly, validation of flood hazard map highlighted that out of 34 historical flood events, 58.82% of flood events were located under very high hazard zones, 29.41% under high hazard zones, 5.88% under moderate hazard zones, 5.88% under low hazard zones, and 0% under very low hazard zones. The majority of the recorded flood events occurred near the banks of the streams. In total, 274 past fire events were noted with full details and information, which occurred mostly in the highly urbanized and old settlement areas in Kathmandu Valley. It is found that 31.75% of fire events occurred within very high hazard zones and 29.20% occurred in high hazard zones.




3.3. Multi-Hazard Risk Assessment


Figure 13 shows the multi-hazard map of Kathmandu Valley. As shown in Figure 13, densely populated settlements, old settlements, and the central valley depict high to very high levels of multi-hazard risk. These areas are consistently characterized by high to very high levels of seismic, flood, and fire hazards. Interestingly, the eastern, southern, and north-eastern parts, and surrounding mountains of Kathmandu Valley comprise very low to low level of multi-hazard risk because these regions are dominated by low to moderate level of seismic and landslide hazards, while fire and flood hazards have very low and low susceptibility, respectively. Moderate level of multi-hazard risk is observed in the south-eastern, western, and north-western parts of Kathmandu Valley, where the level of seismic, landslide, and flood hazards has moderate susceptibility and fire hazard has low susceptibility. These are rapidly growing settlement areas such as Sudal, Tathali, Bhimdhunga, Thankot, Sangla, and Goldunga, where agricultural land is rapidly being converted to built-up area (Figure 13). As illustrated in Table 3, 20.12%, 26.05%, 22.02%, 19.24%, and 12.57% of the areas of Kathmandu Valley represent very low, low, moderate, high, and very high multi-hazard risk, respectively. The results reveal higher susceptible region where the spatial distribution of individual hazard and vulnerability (old settlement, built area, transmission line, gas stations, etc.) coincide. This study uses 21 influencing factors based on the available information, and there is still a space to improve a multi-hazard map in the future by considering more influencing factors and rigorous validation with an updated database. Although the method adopted in this study has also greater prediction accuracy, it is solely based on expert knowledge, experience, and judgment, which may lead to cognitive limitations aligned to uncertainty and subjectivity. There are some issues that cause major challenges in multi-hazard analysis such as differences in characteristics of hazard, inter-relationship of hazard that causes triggering and cascading effects, natural processes that employ heterogeneous impacts on elements at risk, and methods to describe vulnerability that vary between hazards. Considering multi-hazards jointly and employing the same methodology to analyze cascading impacts can provide a concise view of the impacts and risk levels. Sometimes, superposition of different hazard maps to produce a multi-hazard map may not be exhaustively representative. This prompts cascading hazard analysis.





4. Conclusions


Individual hazard maps can be insightful in the early stage of urban and land development planning, but such maps cannot depict the exacting scenario of multi-hazards. To this end, multi-hazard risk maps provide a more homogenized scenario of multiple natural hazards. We performed individual and multi-hazard risk assessment of Kathmandu Valley using AHP approach. To the best of the authors’ knowledge, this is the first systematic study for Kathmandu Valley that considers three prominent natural hazards and one artificial hazard, and performs zonation. The results highlight that the densely populated settlements, old settlements, and the central valley are the most hazard/risk-prone areas in Kathmandu Valley. This paradigm is pivotal as the greatest fraction of the valley population resides in these regions. The multi-hazard risk map developed in this study indicates that eastern, southern and north-eastern parts, and peripheral mountains of Kathmandu Valley are less prone to multi-hazards. Thus, these areas could be considered for urban expansion. The hazard assessment approach optimized and applied in this study showed promising results as the results were reliably validated with historical records of hazard. The individual and multi-hazard maps developed in this study can provide valuable insights for integrated disaster risk planning initiatives in the Kathmandu Valley considering multi-hazard risk. Further improvements in multi-hazard mapping can be achieved by considering more variables, and validation can be extended using more historical events.
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Figure 1. Location of study area showing major settlements, roads, streams, and elevation. 
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Figure 2. Methodological framework of study. 
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Figure 3. Thematic maps of the factors used in the landslide hazard assessment: (a) Distance from fault; (b) Slope; (c) Aspect; (d) Profile curvature; (e) NDVI and (f) Distance from road. 
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Figure 4. Thematic maps of the factors used in the flood hazard assessment: (a) Slope; (b) Elevation; (c) distance from streams; (d) Precipitation; (e) Lithology and (f) LULC. 
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Figure 5. Thematic maps of the factors used in the fire hazard assessment: (a) Population density; (b) Distance from fire brigades; (c) Distance from gas stations; (d) Distance from transmission grids; (e) Distance from electric substations; (f) Distance from main settlement. In the figure, ‘T’ indicates a thousand. 
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Figure 6. Thematic maps of the factors used in the earthquake hazard assessment: (a) Dominant building type; (b) Seismic intensity; (c) Probability of liquefaction and (d) Distance from old settlement. MMI in figure stands for Modified Mercalli Intensity. 
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Figure 7. Landslide hazard map for Kathmandu Valley. 
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Figure 8. Flood hazard map for Kathmandu Valley. 
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Figure 9. Example of encroachment of Bishnumati River in Kathmandu Valley: (a) 21 October 2003 (modified from Google Earth Pro, 2021); (b) 11 November 2020 (modified from Google Earth Pro, 2021). 
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Figure 10. Fire hazard map for Kathmandu Valley. 
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Figure 11. Earthquake hazard map for Kathmandu Valley. 
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Figure 12. (a) Distribution of light damage intensity in Kathmandu Valley due to the 2015 Gorkha earthquake [81] and (b) Receiver Operating Characteristics (ROC) curves and Area under Curve (AUC) of earthquake hazard assessment. 
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Figure 13. Multi-hazard risk map for Kathmandu Valley. 
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Table 1. Summary of type and source of data.
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	Dataset
	Data Format
	Data Description/Processing
	Resolution
	Reference





	Distance from fault
	Line
	Derived from geo-referencing
	−
	[50]



	Slope
	Spatial grids
	Extracted from digital elevation model (DEM)
	30 m × 30 m
	[51]



	Aspect
	Spatial grids
	Extracted from DEM
	30 m × 30 m
	[51]



	Profile curvature
	Spatial grids
	Extracted from DEM
	30 m × 30 m
	[51]



	Distance from stream
	Line
	Extracted from DEM by arc hydro tool and buffer range of river
	−
	[51]



	LULC (land use land cover)
	Polygon
	Land use land cover
	30 m × 30 m
	[52]



	Lithology
	Polygon
	Derived from geo-referencing
	−
	[53]



	Distance from road
	Line
	Buffer of main road in Kathmandu
	−
	[54]



	Annual precipitation
	Excel data
	Interpolation based on 21 rainfall stations in Kathmandu valley from 2000–2014
	−
	[55]



	NDVI (Normalized Difference Vegetation Index)
	Spatial grids
	Normalized difference vegetation index derived from Landsat8 image April 2019
	30 m × 30 m
	[51]



	Elevation
	Spatial grids
	Derived from DEM
	30 m × 30 m
	[51]



	Population density
	Spatial grids
	Population distribution
	−
	[56]



	Distance from fire brigades
	Point
	Buffer range of fire station
	−
	[54]



	Distance from gas station
	Point
	Buffer range of gas station
	−
	[54]



	Distance from transmission line
	Line
	Buffer range of transmission line
	−
	Nepal Electricity Authority, Nepal (https://www.nea.org.np/)



	Distance from electric substation
	Point
	Buffer range of electric substation
	−
	Nepal Electricity Authority, Nepal (https://www.nea.org.np/)



	Distance from main settlement
	Point
	Buffer range of main settlement
	−
	[56]



	Distance from old settlement
	Point
	Buffer range of old settlement
	−
	[56]



	Seismic intensity
	Spatial grids
	Derived from geo-referencing
	−
	[57]



	Soil liquefaction
	Point
	Interpolation based on 88 bore holes at 1.5 m
	−
	[9]



	Dominant building type
	Spatial grids
	Derived from geo-referencing
	−
	[57]
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Table 2. Data layer source for different hazard assessment.
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	Dataset
	Landslide Effective Factor
	Flood Effective Factor
	Fire Effective Factor
	Earthquake Effective Factor





	Distance from fault
	√
	−
	−
	√



	Slope
	√
	√
	−
	√



	Aspect
	√
	−
	−
	−



	Profile curvature
	√
	−
	−
	−



	Distance from stream
	√
	√
	−
	−



	LULC
	√
	√
	√
	√



	Lithology
	√
	√
	−
	√



	Distance from road
	√
	−
	√
	−



	Annual precipitation
	√
	√
	−
	−



	NDVI
	√
	−
	−
	−



	Elevation
	√
	√
	−
	−



	Population density
	−
	−
	√
	√



	Distance from fire brigades
	−
	−
	√
	−



	Distance from gas station
	−
	−
	√
	−



	Distance from transmission line
	−
	−
	√
	−



	Distance from electric substation
	−
	−
	√
	−



	Distance from main settlement
	−
	−
	√
	−



	Distance from old settlement
	−
	−
	√
	√



	Soil liquefaction
	−
	−
	−
	√



	Seismic intensity
	−
	−
	−
	√



	Dominant building type
	−
	−
	−
	√
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Table 3. Hazard zonation percentage area of landslide, flood, earthquake, fire, and multi-hazard in Kathmandu Valley.
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	Hazard Zonation
	Landslide (%)
	Flood (%)
	Fire (%)
	Earthquake (%)
	Multi-Hazard (%)





	Very low
	14.77
	23.65
	33.31
	16.06
	20.12



	Low
	25.24
	20.25
	35.17
	23.32
	26.05



	Moderate
	28.53
	20.97
	15.99
	29.13
	22.02



	High
	22.68
	21.54
	11.88
	22.29
	19.24



	Very high
	8.78
	13.59
	3.66
	9.20
	12.57
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Table 4. Observed damaged density in the different hazard zones.
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Earthquake Hazard Zone

	
Area

	
Earthquake Damage Area

	
Earthquake Damage Density




	
km2

	
%

	
km2

	
%






	
Very low

	
98.44

	
16.06

	
6.03

	
5.03

	
0.061




	
Low

	
142.95

	
23.32

	
22.36

	
18.65

	
0.156




	
Moderate

	
178.54

	
29.13

	
37.68

	
31.43

	
0.211




	
High

	
136.65

	
22.29

	
34.90

	
29.11

	
0.255




	
Very high

	
56.42

	
9.20

	
18.92

	
15.78

	
0.335
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Table 5. Validation of different historical hazard events with the hazard maps.
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Hazard Zonation

	
Landslide

	
Flood

	
Fire




	
Events

	
%

	
Events

	
%

	
Events

	
%






	
Very low

	
1

	
2.78

	
0

	
0

	
24

	
8.76




	
Low

	
2

	
5.56

	
2

	
5.88

	
28

	
10.22




	
Moderate

	
4

	
11.11

	
2

	
5.88

	
55

	
20.07




	
High

	
13

	
36.11

	
10

	
29.41

	
80

	
29.20




	
Very high

	
16

	
44.44

	
20

	
58.82

	
87

	
31.75
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