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Abstract

:

Flood is one of the most frequently occurring and devastating disasters in Nepal. Several locations in Nepal are at high risk of flood, which requires proper guidance on early warning and safe evacuation of people to emergency locations through optimal routes to minimize fatalities. However, the information is limited to flood hazard mapping only. This study provides a comprehensive flood susceptibility and evacuation route mapping in the Siraha Municipality of Nepal where a lot of flood events have occurred in the past and are liable to happen in the future. The flood susceptibility map was created using a Geographic Information System (GIS)-based Analytical Hierarchy Process (AHP) over nine flood conditioning factors. It showed that 47% of the total area was highly susceptible to flood, and the remaining was in the safe zone. The assembly points where people would gather for evacuation were selected within the susceptible zone through manual digitization while the emergency shelters were selected within a safe zone such that they can host the maximum number of people. The network analysis approach is used for evacuation route mapping in which the closest facility analysis proposed the optimum evacuation route based on the walking speed of evacuees to reach the emergency shelter place considering the effect of slope and flood on the speed of the pedestrian. A total of 12 out of 22 suggested emergency shelters were within 30 min, 7 within 60 min, and 2 within 100 min walk from the assembly point. Moreover, this study suggests the possible areas for further shelter place allocations based on service area analysis. This study can support the authorities’ decision-making for the flood risk assessment and early warning system planning, and helps in providing an efficient evacuation plan for risk mitigation.
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1. Introduction


Nepal is highly vulnerable to natural disasters due to its diverse geo-climatic system which includes topographical differences, heavy monsoons, steep terrain, fast-flowing rivers, and many more [1,2]. Nepal lies in the top 20 list of global multi-hazard-prone countries in the world, where around 80% of the total population is exposed to the risk of different natural hazards [3]. Climate change is one of the major causes of natural disasters being frequent and more devastating in Nepal [4]. Shrinking of snow and glacier coverage, frequent glacier lake outbursts, and change in the pattern of rainfall as a result of global warming are causing multiple hazards [5,6].



More than 6000 rivers and rivulets originating from the Himalayas travel through hills to the plain of Terai [7]. These rivers have different morphology depending upon their origin, flow magnitude, and sediment load. The river of Nepal drains to the Ganges basin passing through the Nepal–India border in Terai. The width of the river becomes narrower as it reaches the border, and several major water control structures built by India such as embankments and dams at the border block the river flow and natural passage of drainage causing flooding and inundation in Nepalese territory [6].



River flooding is one of the most recurring, highly damaging, and widespread natural disasters that occurs mainly in the monsoon season (June–September), in which the maximum annual rainfall of around 80% occurs in Nepal [8,9]. River flood mainly depends upon the intensity of the rainfall and river catchment characteristics resulting in loss of human life and negative effects on the population, damage to the infrastructure and essential services, damage to crops and animals, the spread of diseases, and contamination of the water supply [10]. In Nepal, historical data show that there was a total of 59 major floods recorded between the period 1980 and 2022, in which 7282 people were killed and more than 6 million people were affected, which provides an annual average death toll of 272 people [11].



Floods can be triggered by many reasons, such as heavy rainfall, tropical cyclones or tsunamis in coastal regions, and various climatic and non-climatic processes [12]. A hazard is a potentially damaging physical event that causes a threat to people and their property, and can cause disaster in the future [13]. The flood hazard map shows the area that will be covered by the flood based on input variables based on future scenarios. Similarly, vulnerability is the process of determining the extent to which a place is likely to be damaged or affected by the impact of a hazard [14]. Risk is the probability of harmful consequences or the expected degree of loss resulting due to the interaction of hazards and vulnerability conditions [15]. Susceptibility refers to the condition of an area likely or liable to be affected by a particular disaster.



In recent years, there have been many factors besides rainfall such as extreme weather conditions, lack of land use and development planning [16], deforestation in catchment areas, and lack of proper management of river discharges that are contributing to flood. So, it is crucial to take into consideration all these factors for creating a flood susceptibility map that identifies areas susceptible to flood, and can be used for flood risk mitigation and management [17].



Different tools and approaches have been developed in creating a flood susceptibility map. Multi-criteria decision-making (MCDM) in combination with geographical information system (GIS) is one of the approaches that is widely used for assessing flood susceptibility [18,19]. The most common MCDM method proposed by Saaty (1980) is Analytical Hierarchy Process (AHP) [20], which has been used in many applications including flood susceptibility mapping [18,19,21]. In AHP, the weight for each factor is considered based on their impact using the Pairwise Comparison Matrix [22]. Ouma et al. [23], Hammami et al. [24], Vojtek et al. [19], Rincón et al. [18], and G. Gacu et al. [21] used AHP in combination with GIS for risk assessment of flood. Swain et al. [25] combined the AHP with GIS/Remote Sensing (RS) with a cloud computing API on Google Earth Engine (GEE) platform to find the flood-susceptible region in Bihar, India. Flood susceptibility mapping was performed by Dano et al. [26] using GIS, Analytical Network Process (ANP), and RS in Perlis, Malaysia. One of the major issues found using the AHP technique was the uncertainty of using the number of conditioning factors. Four models that include frequency ratio (FR), weights-of-evidence (WofE), AHP, and an ensemble of frequency ratio with AHP (FR-AHP) were used by Khosravi et al. [27] to prepare a flood susceptibility map in Iran. Siahkamari et al. [28] used frequency ratio and maximum entropy models to predict flood-susceptible areas. Lin et al. [29] used maximum entropy and FLUS Model to predict future waterlogging-prone areas. Vojtek et al. [17] used machine learning-boosted classification (BCT) and boosted regression tree (BRT) to find flood-susceptible regions in Slovakia and compared it with AHP, but it may accumulate errors while transferring the model to another area as a boosted method is a sequential process.



During a flood, the important aspect of disaster management is that the residents at risk should be moved quickly and safely to safe areas [30]. The process is called evacuation, and the route assigned to it is called an evacuation route. Proper information must be provided to the citizens regarding the evacuation route at the time of disaster [31]. A proper evaluation of evacuation is a must to reduce the loss of human life and property in the time of emergency [32]. Usually, the evacuation process involves incident detection, shelter identification, warning, evacuation network planning, and at the end verification [33]. In this overall process, road networks play a vital role. Careful planning of the evacuation network should be performed at this time.



Much research has been focused on selecting the evacuation route based on the shortest distance between the risk zone to the shelter [34,35]. A widely used algorithm is the Dijkstra Algorithm, which finds the path of minimum total length between two nodes [36]. This method was not sufficient as it did not consider the fatal risk that the pedestrian might experience while walking through the hazard zone [31]. At present, the researchers are focused on providing importance to both citizens’ safety as well as distance in evacuation planning [37,38,39,40]. The present studies have common objectives that involve (1) the use of road hazards as a travel cost factor while traversing the road network and (2) finding the best route based on the shortest distance and minimal risk [31,40]. These routes were longer than that of the Dijkstra Algorithm but were to minimize the loss and fatalities caused during the disaster and were comparatively the best of optimum route planning for evacuation [31].



Globally, there are many studies, but fewer in Nepal despite many rivers with high risk. Some research has been performed on flood hazard mapping [16,41,42] and the vulnerability of the community toward flood [7,10,43,44,45]. Smith et al. [46] and Shrestha et al. [8] carried out research to provide an early warning system for flood risk mitigation. It is obvious that much research has been performed on flood vulnerability assessment in Nepal, but the sudden nature of flash floods provides no or little time for evacuation, and they have not been able to link up with creating suitable evacuation planning.



Siraha Municipality is one of the major municipalities of the Terai region in Nepal with a border with India that is affected by monsoon floods. It lies on the bank of the Kamala River, due to which the rise in the level of water causes floods every year. The municipality was hit hard by the flood of 2014, 2017, and 2019, as a result, hundreds of houses were inundated and damaged and thousands of people were displaced [47,48]. The area near the river is not the only susceptible area as the overall region is highly susceptible to future floods. There is a lack of proper research to aid the local authority and community to create an early warning mechanism for flood to mitigate the risk that flood might cause using cost-effective, local knowledge along with scientific approaches.



Taking Siraha Municipality as a case study and focusing on evacuation route planning, considering the flood impact on the road during a disaster, the objectives of the study are: (1) to find out the flood-susceptible region through the AHP method as susceptibility map is one of the key element for early warning system and to create strategies for future flood risk mitigation; (2) to find out the optimum evacuation route considering both effects of flood and minimizing the time as well as distance using network analysis; and (3) to suggest possible evacuation safety measures for the public for mitigating future risk that can be caused by the flood. Figure 1 shows the overall workflow of the study. This study can support the authorities’ decision-making for flood risk assessment and help in providing an efficient evacuation plan.




2. Materials and Method


2.1. Study Area


Figure 2 shows Siraha Municipality as the study area. It lies in the Siraha District in the Eastern Terai Region of Nepal. Geographically, it lies between 25°35′18″ N and 26°42′53″ N latitude and 86°8′47″ E and 86°16′17″ E longitude with an area of 94.2 km2. The elevation of this region ranges from 62 m in the south to 97 m in the north. The postal road crosses the region in an east–west direction. According to the Nepal Census 2021, the total household in Siraha Municipality is 18,917 with a total population of 95,410 [49]. The maximum area of this region is covered with agricultural land while some are covered with vegetation. Similarly, the region near the Kamala River is mostly barren and the residential areas are scattered around the region but are in groups that are within certain areas only.



Siraha has a temperate highland tropical climate with an average temperature of 26–37 °C in summer (June–September) and 13–26 °C in winter (December–February). This area receives a mean annual rainfall of 1330 mm due to the eastern monsoon from the Bay of Bengal mostly in the summer season which is above the minimum threshold and sufficient in triggering severe floods [50]. There are two meteorological stations, Siraha and Lahan, near the study area that provide daily rainfall of the location, and the annual rainfall of these locations is shown in Figure 3. The annual rainfall of this area increases gradually after 2010, which shows that the area is highly susceptible to flood in the following years.



Kamala River lies in the western part of this municipality which makes this area highly susceptible to flood.




2.2. Data and Source


In this study, various thematic layers were created based on open-source primary data that are collected in the field such as rainfall records, soil information, and secondary spatial data such as elevation data and satellite imagery. The various data that were used along with their sources are listed in Table 1.




2.3. Flood Susceptibility Evaluation and Flood Conditioning Factors


The methodology adopted in creating a flood-susceptible map of the study area is illustrated in Figure 1. There is no such instruction regarding the selection of flood susceptibility criteria. Various input data that are required for flood susceptibility mapping were collected from different sources as mentioned in Table 1, and based on these data, various factors that are responsible for the flooding were derived. Nine flood conditioning factors were selected based on the literature review and their relevance to flood susceptibility: Topographic Wetness Index (TWI), slope, elevation, precipitation, land use/land cover, distance from a road, distance from rivers, drainage density, and Normalized Difference Vegetation Index (NDVI). In addition, all these factors were categorized into five different classes on a scale of 1 to 5 where 1 refers to very low flood risk while 5 refers to very high flood risk [51].



Jenks natural break is an algorithm that looks after clusters of data to divide them into homogeneous classes [52]. This algorithm divides the data value into these classes such that it seeks to minimize each class’s average deviation from the mean class while maximizing each class’s deviation from the mean of other groups [53,54]. A natural break is found to be one of the highly adopted and accurate algorithms for geographical environmental unit division [54]. As it is not possible to define the range of each class based on field verification, we used Jenks natural break algorithm to classify each geographical data layer into five classes.



The Topographic Wetness Index represents the specific location of surface saturation and spatial distribution of soil water and quantifies the effect of local topography on runoff generation [55,56,57]. When the saturation level increases, the level of groundwater rises, creating a condition for flooding. So, a higher TWI increases the chance of the area being flooded. The TWI in this area is computed from SRTM DEM using Equation (1) [55] and spatial analyst tools in ArcGIS Software.


TWI = ln(α/tanβ)



(1)




where α = specific catchment area and β = local slope.



The elevation is the height above or below certain reference points such as sea level, benchmarks, etc. [58]. The elevation plays a vital role in the direction as well as the depth of the flood [24]. So, elevation has an inverse relation with the flood as lower elevation is highly prone to flood and vice-versa [19]. The SRTM DEM data provided the elevation of each of the locations in the study area.



The slope is a surface indicator that defines flood sensitivity by finding out the surface runoff velocity and infiltration [24,59,60]. The higher the slope, the higher the runoff velocity in those areas, which makes the area that has a lower slope accumulate a large volume of water making it highly susceptible to flood [18,59,61]. Normally, the area with a slope less than 2 is highly sensitive to flood [21,62,63], so these areas are classified as high in Table 2. The slope was also extracted from SRTM DEM and used the slope function in Spatial Analyst Tool in the ArcGIS environment.



Precipitation is one of the major causes of river flooding when there is an excess of water in the river [18,51,62]. The amount of runoff depends upon the precipitation in the region. Higher precipitation causes higher runoff in the region, which makes it highly susceptible to flood [18,23,62]. Since there was only one meteorological station in Siraha, the nearby station Lahan was also used to obtain the rainfall data. Yearly rainfall data from 2000 to 2020 were used to find the mean annual rainfall of these stations and they were interpolated using Inverse Distance Weighted (IDW) method and clipped within the boundary of the study area.



Land use/land cover is one of the major factors to identify flood-susceptible areas [24]. The infiltration rate is influenced by land use [24]. The area covered with vegetation has a high infiltration rate so it is less susceptible to flood while the urban areas covered with an impervious surface such as buildings and roads are highly susceptible to flood [56,62]. The land was mainly divided into five classes, water bodies, vegetation, agricultural, settlement, and bare land, using Supervised classification on sentinel-2 imagery.



Normalized Difference Vegetation Index (NDVI) quantifies the vegetation characteristics in an area by measuring the difference between near-infrared (which vegetation strongly reflects) and red light (which vegetation absorbs) [27] as in Equation (2). The value ranges from −1 to +1 and the value near +1 represents vegetation which acts as a defense to flood [25].


NDVI = (NIR − R)/(NIR + R),



(2)




where NIR = Near Infra-Red values and R = Visible (red) values.



Distance from the river is another causing factor to flood as the river and the areas near the river are the main route for the flood making it highly prone to flood [62]. The river network was obtained from OpenStreetMap using overpass-turbo. Distance from each river was found using the Euclidean function in the ArcGIS environment.



Distance from road affects the flood susceptibility as near the road, impervious surface increases, making it prone to flood. The river network was also obtained from OpenStreetMap using overpass-turbo. Distance from each river was found using the Euclidean function in the ArcGIS environment.



Drainage density refers to the ratio of the total drainage channel to the area of the basin [64,65]. When the drainage density of an area is high, the water accumulation in this area is high which makes it more susceptible to flood [62]. Flow accumulation was created in the study area using SRTM DEM and the Raster calculator tool in ArcGIS, which helped in creating a drainage network. This drain network was further used to find the drainage density using the Line Density tool.



Distance from the river, precipitation, and drainage density are provided the maximum weightage in Table 2, as they have a direct relation with the flood in this region. The historical flood event shows that monsoon precipitation is the cause of the maximum flow of water in the river and drains cause the places near the river and maximum drainage density highly susceptible to flood. TWI, slope, and elevation are provided medium weightage as they are also key factors for floods with less effect. The region lies almost in plain areas with less slope and more wetlands, they play a medium role in flood. Similarly, LULC, NDVI, and distance from the road are provided less weightage as their impact was covered up by other factors.




2.4. Analytical Hierarchy Process (AHP)


AHP is a multi-perspective multi-criteria decision-making model that was developed by Saaty in 1990 [20] to improve and simplify the process of decision-making, which enables users and planners to quantitatively derive a scale of preference drawn from a set of alternatives [25]. In AHP, the weight or priority vector of each criterion is obtained using pair-wise comparison method (PCM) [66]. This allows for comparing the relative importance of one criterion over another based on the expert’s opinion and perception through a pairwise comparison matrix [18]. An n × n dimensional pairwise comparison matrix of the flood conditioning factor is prepared. The importance of these individual flooding factors is provided a value ranging in the scale of 1 to 9, where a lower value of 1 means both the factors are equally significant while the value of 9 represents row factor is more significant than the column factor in PCM as defined by the Saaty scale [20] in Table 3.



As a result of various literature reviews, in this methodology, a pairwise comparison matrix of selected flood conditioning factors of dimension 9 × 9 was formed. The pairwise comparison matrix is shown in Table 4 where each row is compared with each column element to find the relative importance for obtaining the rating score and the diagonal elements are always equal to 1 [51]. The approximation method is based on the evidence of previous studies, the expert’s opinion of who has worked in flood in the past, and the contribution of each factor to the flood was used to calculate the normalized pairwise matrix and final weights as shown in Table 5 [19].



There might be many inconsistencies while estimating the value for a pairwise comparison matrix, so there must be a consistency check by computing the Consistency Ratio (CR) [18]. Consistency Ratio is defined as the ratio of the Consistency Index (CI) and Random Inconsistency Index (RI) of a matrix of the same size and it should always be less than 0.1 for valid weightage [25]. The ratio is provided by Equation (3).


CR = CI/RI,



(3)







The Consistency Index (CI) was calculated using Equation (4).


CI = (λ − n)/(n − 1),



(4)




where n = number of factors and λ = average value of the consistency vector.



The Random Inconsistency Index (RI) is dependent on the number of conditioning factors that are used in creating a pairwise comparison matrix and the index value is provided by Saaty [20] in Table 6.



In this study, to find the areas susceptible to flood risk, nine factors are used, which are processed in ArcGIS 10.8 software. Each of the parametric maps is converted to a raster format of size 30 × 30 m and was reclassified into five different classes as mentioned in Table 2. The weighted overlay technique was used, where each reclassified map layer was multiplied by its factor weight and the sum of these results. Equation (5) provided the overall flood susceptibility map of the study area:


FS = ∑wi × xi



(5)




where FS = flood susceptibility, wi = factor weight, and xi = class of flood susceptibility for each factor i.




2.5. Evacuation Route Planning


The resident must be safely and timely evacuated to a safe place at the time of emergency. The evacuation route planning involves three spatial data, i.e., assembly point (point of departure), evacuation route (road network), and shelter point (destination point) [67].



2.5.1. Identification of Assembly Points


The assembly points should be in the shortest distance and within the risk zone where a large number of people can be gathered before evacuating to the shelter point. The assembly points in this study were identified based on the location having the highest population density. A place where the population is high can be considered a place that requires evacuation urgent [68]. Since it was not possible to obtain the population of every location in the study area, the buildings were extracted from OpenStreetMap, and the place with the highest building density was considered the location with the highest population density. The building data were matched with the existing Maxar Satellite imagery and the points were digitized at the place of road junctions, which acts as the evacuation point for starting the evacuation.




2.5.2. Identification of Emergency Shelter Points


The identification of suitable emergency shelter points is necessary to reduce the number of casualties caused by the flood. The safe public buildings are assigned as the emergency shelter for this case as they host a large number of evacuees. Government offices, school buildings, sports centers, medical facilities, etc., were identified and digitized to obtain the points of these locations and it was ensured that they are in the safe zone and have access to the health centers nearby [69,70,71].




2.5.3. Evacuation Route (Road Network Datasets)


The route is selected such that it reduces the distance a pedestrian has to walk with less exposure to the flood from each assembly point to the shelter point [72]. A well-connected and detailed road network dataset must be developed to perform the analysis along with each of the segments having an accurate travel time [73]. The road network datasets were downloaded from OpenStreetMap and thoroughly checked whether there was any network breakage before it was used for the analysis. The road network was dissolved to ensure that each road is connected well with the others.




2.5.4. Evacuation Speed and Time


An immediate evacuation is necessary at the time of flooding, so it is not possible to evacuate the people through vehicles or any form of transportation. In this study, the main way of evacuation is by walking from the assembly point to the sheltered zone through the optimal route [68]. The average walking speed of the evacuee during evacuation is set to be 1.5 m/s, which changes according to different time groups as shown in Table 7.



A slope slows down the speed of the evacuee during the evacuation. The road network was divided into multiple segments of 100 m each. The average slope of each road segment was calculated using the “add surface information” function in the GIS environment. Thus, these slopes were used to correct the evacuation speed based on Table 8.



It is necessary to consider that walking speed is decreased due to the flooding when the pedestrian walks through the flooded area while calculating the evacuation time. In this study, the area which is in the high susceptibility zone is considered a flooded zone. The maximum depth of the flood that a pedestrian can evacuate through is 0.55 m [68]. Considering these, the modified speed after considering the flood is calculated using Equation (6) [75]:


v (m/s) = V − 0.011d (cm),



(6)




where v is the walking speed in flood, d is the depth of the water, 0.001 is the decreasing rate by the depth, and V = 1.5 is the average walking speed.





2.6. Evacuation Model Building


An optimal evacuation model is developed to find the best route that evacuates the pedestrian in a short time. While preparing the evacuation model, we mainly focused on moving the residents from the high-risk zone to the low-risk zone. In this study, mainly two approaches were used to build the evacuation model: closest facility analysis and zone-based simulation.



The Network Analyst is an extension in ArcGIS Desktop which was used in this case to create a model that helps find the effective route and the zone for the probable additional shelter location within the time allocated for the evacuation.



2.6.1. Closest Facility Analysis


This model considers evacuation time as a cost factor to find the optimum evacuation route from the assembly point to the shelter point. The assumption is based on the fact that the evacuees always prefer the closest shelter facility during the evacuation [76]. The Origin–Destination matrix between each of the assembly points and shelter points can be created using the Closest Facility of Network Analyst tools. The time allocated for the evacuation is 30 min. So, this model considers those shelter facilities that lie within the 30 min walk from the assembly points.




2.6.2. Service Area Analysis


The people during the disaster must be safely evacuated within the possible evacuation time to the shelter locations. During a disaster, it might not always be possible that the shelter lies within the optimum distance and time for the people in need. This model suggests the zone is the total number of emergency shelter locations within the area of 30 min walk distance from the point of evacuation. The zone was developed based on the New Service Area tools of the Network Analyst. The service area shows the road networks that can be reached within 30 min from the assembly points. This model can also be used to create new shelter points if there are no sufficient points within the service area.





2.7. Validation of Susceptibility Map


To validate our flood susceptibility map, we looked at the historical flood event that occurred in Siraha Municipality from 2010 to 2023 in the Bipad portal ([77]) and found that a flood occurred on 17 July 2019. Synthetic Aperture Radar (SAR) can be used to extract the extent of historical flood events [52] as opposed to optical imagery because SAR can penetrate through clouds as well as can obtain data in night conditions [78]. The sentinel-1 provides dual-polarized SAR data. Two SAR imageries of resolution 10 × 10 m were obtained over the study area: one before the flood on 8 July 2019, and another after the flood on 17 July 2019 using the Google Earth Engine (GEE) platform. A speckle filtering technique was used to remove the noise in the image followed by mosaicking. The GEE platform was used to obtain the sample of the backscattered value of water bodies pixel in each image before and after the flood, and the threshold technique was used to extract the inundated area in the study area.





3. Results


3.1. Flood Susceptibility Mapping


The nine flood conditioning factors used in the study were each categorized into five classes depending on their range of values as shown in Figure 4. The AHP technique provided the relative importance of each factor based on PCMs and the weight of each factor. The distance from the river and precipitation were provided high importance with maximum weight as they have a high impact on flooding. Using the weighted overlay of all causative factors in the GIS environment, the final flood susceptibility map was generated with a CR of 0.086 (<0.1, validated).



The flood susceptibility map thus generated is shown in Figure 5, in which the study is mainly divided into five classes based on flood potentiality: (1) very low, (2) low, (3) medium, (4) high, and (5) very high susceptibility. The area’s coverage and percentage are shown in Table 9.



As per the share of flood susceptibility based on area, the most covered by highly susceptible (46.803%), while the lower by very low susceptible (1.18%). Similarly, the low susceptible class covers an area of 10.49%, medium covers 39.65%, and very high covers 1.87%. Furthermore, very low, low, and medium classes were merged into a single class as a safe zone and high and very high classes merged into another class as a risk zone for further evacuation route modeling.




3.2. Evacuation Route Modelling


Out of 40 assembly points, 20 assembly points were found to be risk zones, and out of 38 shelter points, 22 were in the safe zone. Thus, using these data, the final evacuation maps were produced to find the shelter home which is in the shortest time possible and shortest distance considering the impact of the flood on the speed of evacuees using closest facility analysis and service area analysis.



3.2.1. Closest Facility Analysis


The result of the closest facility is shown in Figure 6. In this analysis, two approaches of using evacuation time and distance were used as the cost factors to find the possible evacuation route from assembly to shelter points.



Based on the shortest time, it is found that 12 shelters lie within 30 min, 7 shelters lie within 60 min, and 2 shelters lie within 100 min from the assembly points. Similarly, 8 shelters lie within 1500 m, 11 shelters lie within 3000 m, and 3 shelters lie within 5500 m from the assembly points.




3.2.2. Service Area Analysis


The result of the service area analysis is shown in Figure 7 showing both the approaches of time and distance as a cost factor.



The green areas in Figure 7 show the zone that lies within 30 min walk and 1500 m from the assembly points and these places are the areas where the evacuee looks after the shelter home at the time of emergency. These are the places where possible new shelter homes can be built for maximizing the capacity of the shelter to host the evacuees.





3.3. Validation with SAR Images


The sentinel-1 SAR images were collected for the study area looking at the historical flood event of 2019. The GEE platform estimated the backscatter values (dB) of the VH polarized pre- and post-flood images. The inundation map as shown in Figure 8 shows the southern part and the area near the Kamala River which is about 30.196 km2 and 35.24% of the total area of the Siraha Municipality was under flood at this time.



The flood susceptibility map that was produced in this study through AHP Technique was compared with the inundation map obtained by analyzing the SAR image. It was found that the 22.35 km2 (74.03%) out of 30.19 km2 of inundated area in past floods lies within the highly susceptible areas shown by the result of this study. The comparison shows that the area that was defined as a highly susceptible area through this study is the one mostly inundated in the past flood event. This susceptibility map can be an early warning of those flooding events that might occur in the future in those areas.





4. Discussion and Conclusions


This study proposes an efficient way to precisely find the flood-susceptible areas and the best evacuation route to evacuate the people from those areas to a safe zone. The Multi-Criteria Decision Analysis (MCDA) approach is used along with the AHP technique proposed by Saaty [20] and GIS to find the relation between, and evaluate the effect of, nine flood conditioning factors that cause susceptibility of the flood to the area of Siraha Municipality. After finding the susceptible areas that can potentially be inundated at the time of the flood, the effect of the flood and the slope of the study area on the speed of the evacuees were used to find the fastest route toward the safe place using the closest facility analysis. Meanwhile, the probable place for a new shelter zone was also suggested using service area analysis. The flood susceptibility map obtained through the MCDA-AHP technique showed that half of the area of Siraha Municipality (48.6% of the total area) is susceptible to flood that includes mainly the eastern part that is nearest to Kamala River and the southern part nearest to Nepal–India border where a maximum number of dams and physical structures has been constructed obstructing the continuous flow of river water that aligns with the historical flood events in the region. Similarly, 57% of the total evacuation route (12 out of 21) lies within the 30 min evacuation time. Moreover, less than 50% (8 out of 22) of routes fall within 1500 m of distance from the assembly points. The flood susceptibility map was further validated with the flood inundation map of 2019 obtained through SAR images. Although the flood susceptibility map aligns well with the historical flood points and the flood map created by the municipality, the issue and the limitation must be well-discussed while carrying out the study.



One of the major issues in finding the susceptibility using the MCDA approach is the number of flood conditioning factors and choosing the most suitable factors for the area. Nine factors were used in this study, which was similar to other studies by Nsangou et al. [62] and Khosravi et al. [27] which used ten factors. Similarly, Dahri et al. [58], Seejata et al. [51], and Ouma et al. [23] used six factors, Vojtek et al. [19] used seven factors, Hammami et al. [24] used eight factors, Negese et al. [79] used 11 factors, Gacu et al. [21] used 17 factors, and Swain et al. [25] used 21 factors, which shows that the number of factors can be variable, but should be selected such that the overall weightage is not dominated by the individual factor. The factors should also be selected such that they best fit with the geomorphologic and geologic conditions of the area.



There are a few problems while using the AHP technique. This method is not able to determine the uncertainty in selecting the criteria, comparing and ranking individual criteria based on their weightage. One of the greatest disadvantages is that the expert’s opinion is to be used while giving weightage to individual criteria, which might be a case of bias, and more experts might have different opinions [80]. Another disadvantage of this methodology is its suitability to scale up from the regional level to the global level. This is suitable for the regional level but scaling to the global level might be a problem as well.



Another issue is the use of factors that affect the speed of evacuation during the time of emergency. R. Dewi [73] used the same speed for all the evacuees while Bonilauri et al. [71] and González-Riancho et al. [72] added the effect of slope on the speed of the evacuees. Similarly, Zhu et al. [69] took into account road factors such as road width, slope, pedestrian density, etc., while Watik et al. [81] used the risk zone as a barrier and avoided the road that falls within this region to find the safest and shortest path. It is not always possible to avoid the inundation area while finding the shortest evacuation route. The effect of the flood on evacuation speed must also be considered. It might take a longer time to evacuate but it will be the actual time that differs from the one estimated without considering the flood effect. So, this study uses the effect of flood and slope to find the shortest route, which were similar to the studies carried out by Musolino et al., Jamrussri et al., and Park et al. [68,70,82].



From the study, we can discuss the following aspects of evacuation route finding in flood-susceptible regions:




	i.

	
The top priority should be on finding the causes of the disaster and how this can be mitigated. Since the majority of the part of susceptible area lies near the river, a proper embankment should be constructed, which can potentially minimize the number of flooding events;




	ii.

	
Risk reduction is another aspect that should be addressed. The shelter location with the maximum capacity should be built in a safe place that is accessible in the time of emergency. The results also suggest some of the possible areas where shelter locations with maximum capacity can be built;




	iii.

	
Around half of the area is under the threat of possible flooding in the future, which is a crucial aspect. The concerned authorities should be well aware of this occurrence of flood and they should be well-communicated about the effective evacuation plan to reduce the fatalities caused by it;




	iv.

	
Often, studies are not focused on proper evacuation planning, there should be a proper investigation and use of appropriate technology for disaster risk reduction such as geology, hydrology, meteorology, GIS, remote sensing, early warning system, etc.









This is the first of its kind in identifying an evacuation route to the safest part of the flood-susceptible region in Siraha Municipality. This study will bring insight to the local government and concerned authorities in proper planning to reduce the fatalities caused by the flood event. Similarly, it will also help the people of the area to choose the best possible shelter location and the optimum route to reach those places at the time of disaster. Despite our effort, the study faced some challenges and limitations:




	
Since it was not possible to obtain the data by field data collection, we had to depend on the secondary dataset which may not align perfectly with the ground data;



	
There is always uncertainty while using the AHP technique on using the number of criteria;



	
The weightage of each factor was used based on experts’ opinions which sometimes might create a business on the study;



	
The unavailability of high-resolution data affected the map that was produced. As a result of which, very low-resolution DEM data were used to extract different factors affecting flood, no soil information was used, and some possible factors had to be dropped. The local government authorities should look after preparing a high-quality database for future estimation of accurate flood-susceptible areas;



	
Another challenge faced was the allocation of proper shelter locations as there were no data that define the amenity as a shelter location. The area is susceptible to frequent flooding events, so there must be a proper allocation of shelter houses along with the capacity of that location;



	
Obtaining the proper road network dataset along with its type and width was not possible, so we had to use the dataset from OSM, where the width and road type was not available. Therefore, the municipality must create the complete road network dataset.








Although this study can effectively identify the potential evacuation route to the safe zone from the flood-susceptible area obtained through various risk factors, various gaps in the study can be potentially solved in future studies. Future research can be oriented toward using the latest technology in flood susceptibility mapping such as the naïve Bayes method of alternating decision tree (AD Tree), support vector machine models, Random Forest (RF), etc. The use of various factors that affect evacuation such as flood velocity, variant flood depth, the variable walking speed of different age groups, etc., can help in providing more accurate and real-time scenarios of evacuation route planning. Considering the road damage, bridge collapse as a result of a flood provides the proper evacuation route plan based on field scenarios in future research. Moreover, future research can elaborate on the connection between the potential losses and damage caused by flooding and possible civil protection actions such as the evacuation of people. This study focused on the administrative boundary as the emergency preparedness plans, as well as disaster response and damage assessment, which are carried out by the administrative units in Nepal, but future research can be scaled up to the basin level, multiple administrative units, or province level as waterborne disasters mostly affect the region within the basin area. To achieve a better (more realistic) result, it is not necessary to use the whole river basin; it is sufficient to extend the input data for the entire river floodplain. Finally, the GIS-AHP technique provided useful insight into finding the flood-susceptible region, and the closest facility analysis helped in finding the best evacuation route in Siraha Municipality.
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Figure 1. The workflow of the flood susceptibility and evacuation route mapping adopted in the study. 
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Figure 2. Location map of the study area: Siraha Municipality with OpenStreetMap base map. 
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Figure 3. Annual rainfall of Siraha and Lahan station. 






Figure 3. Annual rainfall of Siraha and Lahan station.



[image: Ijgi 12 00286 g003]







[image: Ijgi 12 00286 g004a 550][image: Ijgi 12 00286 g004b 550] 





Figure 4. Flood conditioning factors: (a) elevation; (b) slope; (c) Topographic Wetness Index; (d) land use/land cover; (e) Normalized Difference Vegetation Index; (f) precipitation; (g) drainage density; (h) distance from the river; and (i) distance from the road. 
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Figure 5. Flood susceptibility map of the study area: Siraha Municipality. 
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Figure 6. Closest Facility: (a) shortest time; (b) shortest distance. 
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Figure 7. Service area analysis based on: (a) time; (b) distance. 
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Figure 8. (a) Water bodies before flood; (b) inundated area after flood. 
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Table 1. Description of data sources used in this study.






Table 1. Description of data sources used in this study.





	
S. No.

	
Data Type

	
Description

	
Date of Acquisition

	
Source






	
1

	
DEM

	
ALOS PALSER (12.5 m)

	
18 January 2009

	
Alaska Satellite Facility Distributed Active Archive Center (https://search.asf.alaska.edu/)




	
2

	
Satellite Image

	
SENTINEL-2A (10 m)

	
29 September 2022

	
Copernicus Open Access Hub (https://scihub.copernicus.eu/dhus/)




	
3

	
Precipitation (mm/day)

	
24-h interval, Government of Nepal, Department of Hydrology and Meteorology, Climate Data and Network section

	
From 2000 to 2020

	
Government of Nepal, Department of Hydrology and Meteorology (https://www.dhm.gov.np/meteorology-forecast/3)




	
4

	
Road Network

	
Road Network in Siraha Municipality

	
23 March 2023

	
OpenStreetMap (https://www.openstreetmap.org/#map=13/26.6407/86.1987)




	
5

	
River Network

	
River Network in Siraha Municipality

	
23 March 2022




	
6

	
Assembly Point

	
Starting point of evacuation

	
28 March 2022

	
Digitization in OpenStreetMap using Maxar Premium Satellite Imagery.




	
7

	
Shelter Point

	
Safest point after evacuation

	
28 March 2022
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Table 2. Flood susceptibility criteria and subcriteria range for flood susceptibility assessment.






Table 2. Flood susceptibility criteria and subcriteria range for flood susceptibility assessment.





	
Causative Factor

	
Unit

	
Range

	
Class

	
Ratings

	
Weight (%)






	
Topographic Wetness Index (TWI)

	
Level

	
3.47–7.39

	
Very Low

	
1

	
9




	
7.39–9.76

	
Low

	
2




	
9.76–11.61

	
Moderate

	
3




	
11.61–14.35

	
High

	
4




	
14.35–22.34

	
Very High

	
5




	
Elevation

	
m

	
64–78

	
Very High

	
5

	
11




	
78–82

	
High

	
4




	
82–86

	
Moderate

	
3




	
86–91

	
Low

	
2




	
91–101

	
Very Low

	
1




	
Slope

	
%

	
0–2

	
Very High

	
5

	
08




	
2.1–5

	
High

	
4




	
5.1–15

	
Moderate

	
3




	
15.1–35

	
Low

	
2




	
35.1–57.2

	
Very Low

	
1




	
Precipitation

	
mm/year

	
1312.79–1322.26

	
Very Low

	
1

	
18




	
1322.26–1327.04

	
Low

	
2




	
1327.04–1331.65

	
Moderate

	
3




	
1331.65–1334.99

	
High

	
4




	
1334.99–1336.80

	
Very High

	
5




	
LULC

	
Level

	
Waterbody

	
Very High

	
5

	
7




	
Agriculture Land

	
High

	
4




	
Settlement

	
Moderate

	
3




	
Barren Land

	
Low

	
2




	
Vegetation

	
Very Low

	
1




	
NDVI

	
Level

	
−0.16–0.08

	
Very High

	
5

	
6




	
0.08–0.24

	
High

	
4




	
0.24–0.34

	
Moderate

	
3




	
0.34–0.42

	
Low

	
2




	
0.42–0.66

	
Very Low

	
1




	
Distance from river

	
m

	
0–965.33

	
Very High

	
5

	
22




	
965.33–2068.57

	
High

	
4




	
2068.57–3309.71

	
Moderate

	
3




	
3309.71–4716.34

	
Low

	
2




	
4716.34–7033.14

	
Very Low

	
1




	
Distance from road

	
m

	
0–76.62

	
Very High

	
5

	
4




	
76.62–175.13

	
High

	
4




	
175.13–295.53

	
Moderate

	
3




	
295.53–445.12

	
Low

	
2




	
445.12–930.38

	
Very Low

	
1




	
Drainage density

	
m/km

	
0–2.17

	
Very Low

	
1

	
15




	
2.17–4.56

	
Low

	
2




	
4.56–7.16

	
Moderate

	
3




	
7.16–10.33

	
High

	
4




	
10.33–17.2

	
Very High

	
5




	
Sum

	

	

	

	

	
100
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Table 3. Saaty’s 1–9 scale for Analytical Hierarchy Process [20].
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	Scale
	Importance
	Reciprocal





	1
	Equal importance
	1



	3
	Moderately importance
	1/3



	5
	Essential or strong importance
	1/5



	7
	Very strong importance
	1/7



	9
	Extreme importance
	1/9



	2, 4, 6, 8
	Intermediate values between the two factors
	1/2, 1/4, 1/6, 1/8
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Table 4. Pair-wise comparison matrix.






Table 4. Pair-wise comparison matrix.





	Factors
	EL
	SL
	PP
	DRI
	DD
	TWI
	LULC
	ST
	DRI





	EL
	1
	2
	1/3
	1/3
	1
	1
	2
	2
	3



	SL
	1/2
	1
	1/2
	1/3
	2/3
	2
	1
	2
	1



	PP
	3
	2
	1
	1/2
	1
	3
	3
	3
	5



	DRI
	3
	3
	2
	1
	1
	3
	3
	3
	5



	DD
	1
	1 1/2
	1
	1
	1
	3
	2
	4
	1



	TWI
	1
	1/2
	1/3
	1/3
	1/3
	1
	1
	1
	8



	LULC
	1/2
	1
	1/3
	1/3
	1/2
	1
	1
	1
	3



	NDVI
	1/2
	1/2
	1/3
	1/3
	1/4
	1
	1
	1
	3



	DRO
	1/3
	1
	1/5
	1/5
	1
	1/8
	1/3
	1/3
	1



	Sum
	10.83
	12.50
	6.03
	4.37
	6.75
	15.13
	14.33
	17.33
	30.00
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Table 5. Normalized pair-wise comparison matrix.






Table 5. Normalized pair-wise comparison matrix.




















	Factors
	EL
	SL
	PP
	DRI
	DD
	TWI
	LULC
	ST
	DRI
	Sum
	Criteria Weights
	Criteria Weights (%)





	EL
	0.092
	0.160
	0.055
	0.076
	0.148
	0.066
	0.140
	0.115
	0.100
	0.953
	0.106
	11



	SL
	0.046
	0.080
	0.083
	0.076
	0.099
	0.132
	0.070
	0.115
	0.033
	0.735
	0.082
	8



	PP
	0.277
	0.160
	0.166
	0.115
	0.148
	0.198
	0.209
	0.173
	0.167
	1.613
	0.179
	18



	DRI
	0.277
	0.240
	0.331
	0.229
	0.148
	0.198
	0.209
	0.173
	0.167
	1.973
	0.219
	22



	DD
	0.092
	0.120
	0.166
	0.229
	0.148
	0.198
	0.140
	0.231
	0.033
	1.357
	0.151
	15



	TWI
	0.092
	0.040
	0.055
	0.076
	0.049
	0.066
	0.070
	0.058
	0.267
	0.774
	0.086
	9



	LULC
	0.046
	0.080
	0.055
	0.076
	0.074
	0.066
	0.070
	0.058
	0.100
	0.625
	0.069
	7



	NDVI
	0.046
	0.040
	0.055
	0.076
	0.037
	0.066
	0.070
	0.058
	0.100
	0.548
	0.061
	6



	DRO
	0.031
	0.080
	0.033
	0.046
	0.148
	0.008
	0.023
	0.019
	0.033
	0.422
	0.047
	4



	Sum
	
	
	
	
	
	
	
	
	
	10
	1
	100
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Table 6. Random Inconsistency Indices for n = 1, 2…10.
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	n
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10





	RI
	0
	0
	0.58
	0.90
	1.12
	1.24
	1.32
	1.41
	1.45
	1.49







If CR ≤ 0.1 or CR ≤ 10%, the matrix is consistent and if it exceeds 10%, a revision is required [62].
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Table 7. Walking speed of different age groups during evacuation [74].






Table 7. Walking speed of different age groups during evacuation [74].





	Age Group
	≤10
	20–40
	>60





	Walking speed (m/s)
	1.349
	1.505
	1.402
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Table 8. Evacuation speed correction based on slope.






Table 8. Evacuation speed correction based on slope.





	Slope
	0–3
	3–6
	6–9
	9–12
	12–15
	15–18
	18–21





	Speed value
	100%
	85%
	70%
	55%
	45%
	40%
	35%
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Table 9. Flood susceptibility area coverage and percentage.






Table 9. Flood susceptibility area coverage and percentage.





	Flood Susceptibility
	Area (km2)
	Area (%)





	Very low
	1.120
	1.18



	Low
	9.889
	10.49



	Medium
	37.353
	39.65



	High
	44.089
	46.80



	Very High
	1.645
	1.87



	Total
	94.2
	100
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