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Abstract

:

One-dimensional (1D) hydraulic models have been extensively used to conduct flood simulations for investigating flood depth and extent maps. However, the 1D models cannot simulate many other flood characteristics, such as flood velocity, duration, arrival time and recession time when the flow is not restricted within the channel. These flood characteristics cannot be disregarded as they play an important role in developing flood mitigation and evacuation strategies. This study formulates a two-dimensional (2D) hydrodynamic model combined with remote sensing (RS) and geographic information system (GIS) approach to generate additional flood characteristic maps that cannot be produced with 1D models. The model was applied to a transboundary river of Deg Nullah in Pakistan to simulate an extreme flood event experience in 2014. The flood extent images from the moderate resolution imaging spectroradiometer (MODIS) and observed flood extents were used to evaluate the model performance. Moreover, an entropy distance-based approach was proposed to facilitate the integrated multivariate flood vulnerability classification. The simulated 2D flood modeling results showed a good agreement with the flood extents registered by MODIS and the observed ones. The northwest parts of Deg Nullah near Seowal, Dullam Kahalwan and Zafarwal were the most vulnerable areas due to high flood depths and prolonged flooding duration. Whereas high flood velocities, short flood arrival time, prolonged flood duration and recession times were observed in the upper reach of Deg Nullah thereby making it the most susceptible, critical and vulnerable region to flooding events.
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1. Introduction


Floods are considered the most devastating hazard all over the world. Floods claim more loss of life than any other hydrometeorological disasters [1], and negatively affect the socioeconomic development of many countries [2]. Moreover, the frequency and intensity of these flood events are increasing in many regions around the world, making it a problem of major concern in the sustainable development of countries vulnerable to flooding events [3]. The main reason behind these unprecedented flood events is the rise in temperature and precipitation since the 1950s due to anthropogenic activities and increased rates of greenhouse gas emission [4]. Moreover, the increase in population growth rate and urbanization led to increased impervious areas and increased runoff due to the reduced infiltration [5]. Recent flood events are becoming more frequent and severe in Pakistan due to the population growth and increasing anthropogenic activities in the floodplains [6].



Pakistan faces almost one major flood event every three years [7] and drought-like conditions every six years [8], which is one of the main challenges to the country’s sustainable economic development. Pakistan faced the worst flood event of its history in 2010 [9]. Scientists from the World Climate Research Program and World Meteorological Organization (WMO) stated that climate change was one of the main reasons behind this unprecedented sequence of weather events in Pakistan [10]. Moreover, a United Nations (UN) based scientific body stated that the hot extremes, heat waves and heavy precipitation events are expected to be more frequent and intense in the future in this country [11]. WMO also qualified the assessments that the flood event of 2010 fit the sequence as predicted by climate experts and stated that these events match the projections of more frequent and intense climatic events due to global warming [12].



In recent years, remote sensing (RS) and geographic information systems (GIS) played an important role in presenting and validating the flood risk and hazard mapping results [13,14]. RS and GIS are considered effective geospatial tools assisting in preparing the flood characteristic maps and their impacts on the environmental, social and economic aspects [15]. These geospatial tools have been extensively used to map the results of simulation models of past flood events such as flood inundation extents, flood levels and to identify the critical facilities at risk [16,17]. These tools also support developing the flood forecasting and early warning systems in flood-prone areas, which are helpful in flood hazard management and preparedness planning [18,19]. RS is an important tool in acquiring the data required to formulate and validate the flood model result, flood risk assessment and to identify the infrastructure at risk (e.g., health and education facilities, transportation infrastructure, urban and commercial areas, etc.). Whereas, use of GIS helps in developing automated flood models and flood risk investigations (identification of urban areas, settlements and agricultural lands to different stages of floods), to generate flood inundation maps and to conduct other statistical analyses that may be useful in developing the flood disaster management strategies at various levels of flood events [20]. For instance, the analytical hierarchy process (AHP) method and a geographical information system (GIS) were utilized to create the flood hazard assessment map in the burned and urban areas of central Greece [21].



Assessment of flood risk and management practices is important in identifying the flood hazards, flood-prone areas and future mitigation strategies [22]. Understanding the characteristics of floods is essential in developing flood management action plans and analyzing the impact of various proposed management measures. In situ observations of flood events are the simplest ways to interpret the flood risk [23]. However, in situ observations of the floods are not available in many cases in developing countries. Moreover, flood analysis based on these observations is limited to specific flood events. Therefore, one of the other ways to conduct flood risk modeling studies is to use the RS data [24,25]. However, flood events usually occur under cloudy conditions, limiting the application of remotely sensed data in the visible and infrared spectrum due to visibility issues [26]. Therefore, these observation maps cannot be used directly to predict future flood events and to analyze the efficacy of various structural measures in developing flood mitigation strategies. The numerical models are considered more suitable for the simulation and prediction of flood events. Moreover, in many previous studies, numerical models have been efficiently applied to simulate flood events and investigate the flood hazards to develop management strategies [27,28,29].



Both one-dimensional (1D) and two-dimensional (2D) numerical hydrodynamic models combined with RS and GIS approaches have been extensively used in numerous studies for simulating flood events and risk assessment [4,25,30]. Although 1D flood models can be used for simulating the water levels and discharges when the flow is restricted within the channels [31,32], these models present many limitations when applied for simulating the overflow conditions. Moreover, methodologies used by 1D flood models are limited to generating flood hazard and depth maps. Flood depth maps are considered the primary input in evaluating flood impacts. However, additional flood characteristic maps, i.e., flood velocities, flood arrival times, flood duration and flood recession times, cannot be disregarded as they play an important role in the detailed design and analysis stages of flood mitigation studies [20]. For instance, high flood velocities with a longer flood duration can damage the flood mitigation structures and result in erosion and water pollution, which may cause environmental degradation, economic and life losses [33]. Awadallah et al. [34] used the LiDAR datasets in the HEC-RAS 2D model for comparing the flood inundations maps using the bathymetric and topographic terrain models in Norway. Therefore, the use of 2D models becomes indispensable to address the above-mentioned issues.



In previous studies, several researchers have used the 2D hydrodynamic models to assess flood risks and develop flood mitigation strategies. For instance, Santillan et al. [20] applied an integrated RS, GIS and 2D hydrodynamic modeling approach to generate flood characteristic maps, i.e., flood velocity, arrival time, flood duration and recession time, for improved flood disaster management in the Philippines. Quiroga et al. [31] used a 2D numerical model to perform the unsteady flow analysis and compared the model results with the satellite imagery in the floodplains of Bolivian Amazonia, Brazil. In another study, an integrated 1D/2D hydrodynamic model was applied to generate the flood hazard maps and velocities in the floodplains of the Musi river basin of Indonesia [35]. Bhandari et al. [4] employed the 2D hydrodynamic modeling approach to perform the unsteady flow analysis and flood inundation mapping to outline the flood-prone areas in the lower reaches of the Brazos river basin, USA. Elkhrachy [36] used the remote sensing images as independent variables in the HEC-RAS 2D simulation model to estimate the post-flash flood event depths of 24–26 April 2018 in New Cairo, Egypt. Moreover, 2D hydrodynamic modeling approaches combined with RS and GIS have been applied since the release of the HEC-RAS 2D model in different regions of the world to investigate the flood events and to develop mitigation strategies [37,38,39,40,41,42].



Even with the extensive flood simulations using the hydrodynamic models to generate the flood hazard and depth maps, it is almost impossible for the decision-makers to develop flood mitigation and management strategies without analyzing the vulnerability of different elements at risk in the floodplains [43]. The concept of vulnerability has changed drastically in various disaster management studies based on their objectives. Consequently, several attempts were made to define the term vulnerability. For instance, Cutter [44] defined vulnerability as a hazard that includes natural risks and human response to these risks. However, Mitchell [45] stated that vulnerability is the degree of loss to a given element at risk (or set of elements) resulting from a given hazard at a given severity level. Moreover, Merz et al. [46] and Salami et al. [47] stated that it is a function of the vulnerability definition to elements at risk, exposure and susceptibility. The vulnerability of different elements (e.g., road networks, bridges, urban areas/settlements, etc.) at risk in the floodplains largely depends on water depth, flood velocities and duration of flooding [48]. Santillan et al. [20] categorized the levels of the flood hazard based on maximum depths into three classes, i.e., low (<0.5 m depth), medium (0.5–1.5 m depth) and high (>1.5 m depth) for the residential buildings. However, in most of the previous studies, flood extents and water depth were considered; whereas the flood variables such as flow velocities, flood duration and recession times were discussed only in a few studies [31,49]. For instance, Balijepalli and Oppong [50] suggested that the flood velocities of less than 2–3 m/s do not affect the physical infrastructure (e.g., road networks, bridges and urban areas/settlements) in floodplains. However, to the best of the author’s knowledge, no study has been conducted that performs the multivariate flood vulnerability analysis by using a 2D hydrodynamic flood modeling approach. Moreover, no flood research has been carried out by using an integrated RS-GIS and 2D hydrodynamic modeling approach together with vulnerability analysis in Pakistan to generate flood characteristics other than depth for developing flood management strategies.



Therefore, this study aims to simulate an extreme flood event with a return period of 200 years in Deg Nullah of Pakistan using an integrated RS-GIS and a 2D hydrodynamic modeling approach to generate the additional flood characteristic maps, i.e., flood velocities, arrival times, duration and flood recession times. The study area is subjected to frequent floods and result in disruption of socio-economic activities. Moreover, flood vulnerability analysis was performed to investigate the sensitivity of roads, railway tracks and urban areas/settlements at risk to different flood variables such as flood depths, velocities, arrival times, duration and recession times in the study area. Therefore, it is believed that the results of the present study would help develop improved flood management strategies.




2. Study Area


Deg Nullah, a natural drain in Rachna Doab of Punjab province, was analyzed to simulate the 2014 major flood event. Two streams, Divak and Basenter join together in the Indian Administered Kashmir to form Deg Nullah before diverting into Pakistan near Lehri check post, located in the northeast of Narowal district. Deg Nullah is a straight twisted channel with wide and shallow cross-sections and uneven slopes. Flows of Deg Nullah often overspill during the monsoon season as its banks are not high enough to pass the large discharges. There is a reach of 75 km from Kingra-more to the Bambanwala-Ravi-Bedian (BRB) canal, as shown in Figure 1. Deg Nullah mostly remains dry, but carries a large volume of flows during monsoon season. The catchment of Deg Nullah receives most of the precipitation in summer (July to September) [51]. This heavy precipitation resulted from the combined effects of the monsoon precipitation regime from the Arabian Sea and Bay of Bengal, making it a meteorological complex region. Precipitation over the catchment of Deg Nullah causes high flow peaks during the monsoon season and the deteriorated condition of shallow banks intensifies the flooding problem and affects the road networks, urban areas, settlements, agricultural lands, etc.



In 2014, Deg Nullah experienced one of the worst flood events of its history and caused severe damage to its surrounding areas. A peak flood of 2050 m3/s with a return level of 200 years was observed in Deg Nullah on 6 September 2014 [52]. Therefore, water overflowed from the banks of the Nullah and caused submergence in Zafarwal city, Qila Ahmedabad town and 55 villages around Deg Nullah. This flood event caused the displacement of a vast population from urban areas/settlements, road networks were damaged due to submergence and negatively affected the standing crops over a large area. Moreover, more than 25 health centers and 104 government schools were submerged [53]. Residents of this area blamed the Deg Nullah authorities for not providing accurate information regarding the flood events. Therefore, accurate evaluations of the flood extents, depth, velocity, arrival and recession times are essential for developing improved flood management strategies in this region.




3. Materials and Methods


3.1. Numerical Model


This study used a 2D hydrodynamic model (HEC-RASv5) due to its various advantages over 1D models. For instance, 1D flood models are considered suitable when the flow is restricted within the channel. However, when the overflow conditions prevail, it limits the applicability of 1D flood models in simulating flood characteristics and defining the flood flow directions. It is not always realistic to define the flow paths or directions in the floodplains, e.g., in flat areas with large variations in water levels, 1D models do not provide any information regarding the velocity distribution when the water leaves the main channel to the floodplains. However, these limitations can be efficiently addressed by 2D hydrodynamic flood modeling. These flood models can simulate additional flood characteristics such as flood arrival times, flood velocities, flood duration and flood recession times [54]. Moreover, remotely sensed datasets have been extensively used with the HEC-RAS 2D model to simulate, validate and forecast flood events in different regions of the world [16,20,34,36].



Therefore, a 2D hydrodynamic model (HEC-RAS 2D) developed by the USACE, was used to simulate the selected flood events in the Deg Nullah catchment area. This model solved either the full 2D Saint-Venant equations or 2D diffusive equation as given below:


    ∂ ξ   ∂ t   +   ∂ p   ∂ x   +   ∂ q   ∂ y   = 0  
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where represents the surface elevation (m); p and q represent the specific flows in the x and y directions (m2/s); h depicts the depth of water (m); g is the acceleration due to gravity (m/s2); n is the Manning roughness coefficient, q represents the density of water (kg/m3); sxx, syy and sxy are the components of the effective shear stress and f is the Coriolis (s−1) [31].




3.2. Overall View of the Research Approach


Numerical simulations of physical processes are considered efficient through an iterative development of the model. The accuracy of the numerical models depends upon the quality of the available data and hydrologic understanding of the problem being investigated. A brief description of the study approach being adopted to achieve the objectives is presented in the flowchart (Figure 2) and described in the subsequent paragraphs.



The flow hydrographs of Deg Nullah at Kingra bridge station were collected from the Punjab Irrigation Department for the monsoon periods from 2014–2017 (Figure 3). The hydrograph data comprises an interval of one day. Among the collected hydrographs, the 2014 flood was the severest and was considered for flood analysis. The flow hydrograph of the Kingra bridge was used as the upstream boundary condition in the model.



The Shuttle Radar Topography Mission (SRTM) data are considered efficient in modeling the hydrological and hydraulic processes because of their free availability, homogeneity and consistency [55]. Therefore, the present study explores the hydrological modeling with the SRTM digital elevation model (DEM). The DEM with a resolution of 12.5 × 12.5 m was used. River cross-sections were considered the major input in both the 1D and 2D hydraulic modeling. The DEM was integrated with the observed cross-sections collected from the Punjab Irrigation Department at 53 locations across the Deg Nullah (Figure 4). The accuracy of the 2D hydrodynamic flood model, to analyze the water flow within the channel and floodplains (overflow conditions) was improved by integrating the DEM with the field observed cross-sections [20] and after that the study area was clipped from the DEM for further analysis. The DEM was then converted to a triangular irregular network (TIN) surface model whose surface does not deviate from the input raster. The DEM of the study area, along with the river cross-sections, is presented in Figure 4.



HEC-GeoRAS is a GIS extension designed to process geospatial data, allowing users to create an HEC-RAS import file containing geometric data. The results of the water surface profiles can be interpreted to examine the flood depths and extents. In this study, preprocessing was conducted in HEC-GeoRAS to generate the model files. Afterward, the HEC-GeoRAS file consisting of geometric data was imported to HEC-RAS to perform the hydraulic computations.



HEC-RAS model can either be used as an integrated 1D–2D model or as a fully 2D model to simulate the main rivers and floodplains, respectively. Although an integrated 1D–2D model might be faster compared to only the 2D modeling engine, it is necessary to define the connections of overflow locations between the 1D and 2D modules. In this study, a fully hydrodynamic 2D model was used, as the connections of overflow locations were unknown. The computational model domain (2D flow area) area was approximately 888 km2. This area was discretized into 100 × 100 m size cells/grids. The model was run from 1 July 2014 to 7 October 2014 at a time step of 1 min, whereas output results were generated at 1-h intervals. Moreover, two types of boundary conditions were used in the 2D hydraulic model, i.e., inflow hydrograph as an upstream boundary condition at Kingra bridge of Deg Nullah and average riverbed slope was considered as the downstream boundary condition.



To compare the model-generated flood map with the observed flood extents (Table 1), the MODIS extent images were downloaded from https://modis.gsfc.nasa.gov/data/ (accessed on 28 March 2019) for the monsoon period of 2014. In addition, two field visits were also conducted on 30 April 2019 and 15 May 2019 to collect the flood extents data at a few locations to verify the model simulated flood maps, ground-truthing of settlements and riverbed elevations by using GPS, and interviewing the locals and personnel from the irrigation department. A total of 32 imageries were downloaded from MODIS and a map showing the maximum extent was selected for the comparison of results.




3.3. Flood Vulnerability Analysis


In this study, first, we digitized all the road networks, railway tracks and urban areas/settlements within the study area by using the satellite imageries (Google Earth Pro) and further verified their locations during the field visits, as shown in Figure 5. Secondly, various flood characteristic maps, i.e., flood depths, velocities, arrival times, duration and recession times, were superimposed on the digitized maps of the road networks and urban areas/settlements to investigate the flood risks at different locations in the study area. The details regarding the flood hazard classification based on flood depth, velocity, arrival time and duration are presented in Table 2 [31,50,56,57]. Moreover, the details regarding important urban areas (cities, villages, etc.) and road networks in the study area are presented in Table 3.




3.4. Multivariate Flood Vulnerability Classification


Once the standard values of the flood hazard level, i.e., very low, low, medium, high and extreme, of different flood variables, i.e., depth, velocity, arrival time and duration, were selected along with all the related information (Table 2), the entropy distance-based multivariate flood vulnerability classification was performed by using the following approach.



Let Sij be the standard value of hazard level i of the jth flood variable, and Pjk is the value of the jth flood variable at location k.



Where i = ith hazard level = 1, 2, …, 5; j = jth flood variable = 1, 2, …, 4 and k = kth location = 1, 2, …, 383.



Normalization of Sij and Pjk was performed to avoid any dimension-related issues by using Equations (4) and (5), respectively.


   N  i j   =   a b s  (   S  i j    )      ∑  i = 1   n = 5    a b s  (   S  i j    )       



(4)






   M  j k   =   a b s  (   P  j k    )      ∑  k = 1   n = 383    a b s  (   P  j k    )       



(5)







After that, difference of the normalized values and entropy-based weights were calculated by using the following equations


   d  j k   =  M  j k   −  N  i j    



(6)






   w j  =    e j      ∑  j = 1  4    e j       



(7)




in which


   e j  = 1 −  [    − 1   ln  ( N )      ∑  k = 1   n = 383     M  j k   ln  (   M  j k    )     ]   



(8)







Finally, the entropy-based distance is calculated by using the following equation.


   D k  =       ∑  k = 1   383     w j  ⋅  (   d  j k    )     2     



(9)




where wj is the entropy-based weight assigned to individual flood variables. Dk is the weighted Euclidean distance between the standard value of flood hazard level and the value obtained at different locations. A minimum value of the entropy-based distance of flood hazard level at a selected location represents the hazard level.





4. Results


4.1. Model Performance Evaluation


The performance of the HEC-RAS 2D model was evaluated by comparing the model simulated flood extents with the satellite image registered by MODIS on 6 September 2014. Moreover, two field visits were also conducted to identify the flood extents at three locations in the study area as shown in Figure 6 and summarized in Table 1. The image from 6 September 2014 was selected based on its maximum flood extents for calibration. Flood extents registered by MODIS and the simulated flood extents by the HEC-RASv5 model, along with the observed flood extents, are presented in Figure 6. It is clear from Figure 6 that the model simulated flood extents were consistent with the MODIS registered flood extents and the observed ones. The simulated flood extent was found 6% less compared to the flood extents obtained from the satellite image, which is considered acceptable due to the complexity of the system.




4.2. Model Performance Evaluation


After successfully comparing the model results with the satellite imageries and observed flood extents, the HEC-RAS model was simulated to generate the flood characteristic maps of flood depths, velocities, arrival times, duration and recessions times. These flood characteristic maps are briefly discussed in the subsequent sections.



4.2.1. Maximum Flood Depths


The maximum flood depth map was generated using the 2D hydraulic model, as shown in Figure 7. This map was generated by considering the maximum depth of water in each cell during the simulation period regardless of the time when this depth was achieved. It was observed that the majority of the flooded areas north of the Deg Nullah have water depths of less than 1 m. Whereas the lower parts of the Deg Nullah have depths ranging from 0.5 m to 2 m. The most extreme flood depths were observed in the northeast part of the study area. However, these cells represent a small portion of the area compared to the rest of the wet cells. This map of flood depths can be useful in flood preparedness strategies and in developing evacuation plans when a flood of the same magnitude is expected to occur. This map can also help identify the areas required to be alerted or need emergency evacuation before future flood events. Moreover, the map of the maximum flood depths (Figure 7) can also be evaluated based on the various flood hazard levels. For instance, upstream reaches of the Deg Nullah experienced extreme flood hazards compared to the lower reaches as the flooded water overflowing from the channel spread over vast areas.




4.2.2. Maximum Flood Velocities


In addition to flood extent and depth maps, the HEC-RAS 2D model has the capability to generate velocity maps to depict the flood velocity at various locations in the study area as shown in Figure 8. The map of flood velocities would explain how fast the flood water will reach a particular location and thereby helps in developing flood mitigation strategies and evacuation planning. In most of the areas above the Deg Nullah, flood velocities vary between 0 to 1 m/s; whereas, in the western parts of the study area, the flood velocities were less than 0.5 m/s. Therefore, these areas are not expected to face severe flood risks due to flood velocities. However, flood velocities in the south of Deg Nullah vary from 0.5 to 1.5 m/s. At the upper reaches of Deg Nullah near Kingra bridge, flood velocities of more than 1.5 m/s were also observed. Such high flood velocities cause more water overflows from this point. Moreover, the areas with flood velocities of about 1 m/s or higher may pose additional hazards and evacuation will be more problematic due to the flash nature of flooding. These maps of flood velocities indicate the level of harm to which a community is exposed; therefore, they play an important role in developing flood risk management strategies.




4.2.3. Flood Arrival Times


The maps of flood arrival times represent the model computed time from a specified simulation time when the water depth at a location reaches a specified inundation depth [54]. In this study, a flood arrival time map was generated in hours when a location is inundated at maximum depth (Figure 9). Most of the areas in the upper reaches of Deg Nullah achieved the maximum inundation depths within the first fourteen (14) hours. Whereas the lower reaches of the study area become flooded after 28 h from initiation of the flood event and so on. This implies that the areas in the upper reaches of the Deg Nullah are more vulnerable to floods and require a swifter evacuation response to flooding. These maps of flood arrival times are helpful in developing flood management and evacuation strategies.




4.2.4. Flood Duration


Figure 10 showed the flood duration map for the study. This map helps to understand the flood propagation in the areas that remain flooded for an extended duration. These maps are considered very useful in estimating the time required for a flood-affected community to return to their respective areas and in assessing the flood damages to crops, road networks and other critical facilities located in the area. Figure 10 showed that most of the areas in the upper reaches remain flooded for more than 80 h. However, flood durations decreased in the areas of lower reaches of Deg Nullah.




4.2.5. Flood Recession Times


The map of flood recession times is presented in Figure 11. This map represents the number of hours that floodwater required to recede from different locations in the study area. The map of flood recession time generated showed that the flood-affected area required about 99 h to completely recede the inundation area generated due to the flood event of 2014. However, this duration decreased at locations far from the mainstream of Deg Nullah. This map has the same importance as flood duration in developing flood mitigation and management strategies.





4.3. Flood Vulnerability Analysis


Physical infrastructure (e.g., road networks, railway tracks and urban areas/settlements) in the floodplains was considered to determine their vulnerability to flooding. The road networks and urban areas/settlements were digitized using the satellite imageries (Google Earth Pro) and later verified during the field visits. A total of 381 polygons of urban areas/settlements were marked in the study area. These polygons cover a total urban area/settlements of 47 km2, which is about 6% of the entire study area. Whereas the total length of road networks in the study area was about 175 km connecting these urban areas/settlements and other major cities. The spatial flood characteristic maps, such as flood depths, velocities, arrival time, duration and recession time generated from the model for the flood event of September 2014, were superimposed on the maps of urban areas/settlements and road networks for vulnerability analysis. The results of the flood vulnerabilities to urban areas/settlements and road networks for various flood characteristic maps are presented in Figure 12. The flood vulnerability map is self-explanatory; however, flood hazard levels to maximum water depths and velocities are explained in the subsequent paragraph based on the water depths and velocities around the urban areas/settlements and road networks. Different flood hazard levels based on maximum depths are presented in Table 2.





5. Discussion


Flooding events can significantly impact economic conditions and even threaten human life. These events are considered as the most disastrous among the hydro-meteorological hazards [58]. Hence, investigation of these events is highly important in developing mitigation strategies to reduce their negative impacts on human life and infrastructure. Flood simulation through hydraulic models has been extensively used for this purpose. The present research used the HEC-RAS 2D model for simulating an extreme flood event observed in a transboundary Deg Nullah which often experiences floods during the monsoon season and results in economic and human life loss. However, before the application of the model to generate flood characteristic maps, such as flood depth, velocity, arrival time, duration and recession time, the model simulated flood extents were compared with the extents registered by MODIS and later verified during the field visits. The model simulated flood showed good performance when compared with a satellite image of the flood event [31]. The flood extent area simulated by the model was about 6% less than that as registered by MODIS extents. However, during the field visits, maximum flooding extents were verified by observations and discussions with locals at three different locations (Figure 6). Moreover, previous studies [27,59,60] confirmed the acceptability of the present study results in which the model simulated flood areas were found to be less compared to that of the satellite imageries. This reduction in the model simulated areas compared to satellite imageries may be due to the courser DEM resolution [61] and due to the limitations of the HEC-RAS sub-grid configuration to produce a continuous inundation pattern that restricts the calculation of flood extent and the distribution of local water depth values [61]. Therefore, further studies may be carried out using the high-resolution DEM for improved model performance.



The maps of various flood characteristics such as flood depths, velocities, arrival times, duration and recession times were prepared to evaluate their distribution in the study area for an extreme flood event of 2050 m3/s [52]. The flood depth allows identifying areas exposed to different hazard levels. In most of the areas located in the northern part of Deg Nullah, the flood depths are less than 1 m whereas in its southern parts depth varies between 0.5–2 m, thereby posing low and low medium threats, respectively [56]. However, results have demonstrated that most of the settlements are constructed in the flood prone areas, which necessitates proactive planning and selection of the proper construction rules for the prevention and mitigation of the consequences of flood hazards. Over most of the flooded area, the water velocity was less than 0.1 m/s. However, water velocity in the south of Deg Nullah varies between 1–1.5 m/s, whereas at Kingra bridge it exceeds 1.5 m/s (Figure 8). The evacuation process may become difficult in areas with floodwater velocities of more than 1 m/s [57]. Flood arrival times at particular locations are one of the major variables along with velocity, depth, safe locations, etc., used to prepare the evacuation strategies [62]. The floodwater in the upper reaches of Deg Nullah attains the maximum depth within the first 14 h after the overflow condition, whereas in lower parts of the study area, it took more than 28 h and thereby, hazard levels are classified as low to medium [47]. The north part of the study area is the most exposed to the flood; it showed a larger flood extent, longer flood duration and deeper water depth. The flood that threatens the Seowal and Dullam-Kahalwan towns originates from the Kingra bridge, where the safe carrying capacity of the channel is only 280 m3/s [53]. The flood from the north gets close to Seowal hours after it begins to overflow, while it takes one day for the flood to reach the southern parts of the study area when the channel begins to overflow. Moreover, the flood in the north region is deeper than the flood in the south, the flood from the north begins to flood before the south. Therefore, flood hazard levels are higher in the northern region compared to the south and required efficient flood mitigation strategies. The study showed the applicability and the value of the 2D capabilities of the new HEC-RAS for flood studies.



Flood vulnerability of settlements and road networks to maximum water depths is presented in Figure 12. It is recorded that the vast majority of road networks are vulnerable to medium to high flood risks and may reduce the accessibility to certain parts of the areas or in the extreme, they may remain completely cut off from the rest until the affected links are revived [21]. Therefore, the vulnerability of road networks along with the urban areas and settlements to flood events was investigated by superimposing their digitized maps over the flood characteristic maps. The settlements in the upper reaches experienced medium to extreme flood hazard levels based on the water depths. However, these hazards decreased gradually as the flood water arrived in the lower reaches of Deg Nullah. Moreover, Balijepalli and Oppong [50] stated that the physical infrastructure (roads, bridges and buildings) is not subjected to severe damage for velocities below 2–3 m/s. In most areas, flood velocities are lower than 3 m/s and only a few locations in the upper reaches of Deg Nullah are experiencing flood velocities of more than 3 m/s as shown in Figure 8. However, the vulnerability of different infrastructures needs to be evaluated by considering the flood depths and velocities together. Therefore, multivariate flood vulnerability classification was performed to assess the combined effect of different flood variables (i.e., flood depth, velocity, arrival time and duration and recession times) at various locations in the study area. Most of the study area lies within the medium hazard levels; however, upper and middle reaches near the channel pose high to extreme threats (Figure 12). Therefore, detailed studies related to the level of extreme events and the vulnerability of the exposed elements at risk (i.e., urban areas/settlements) will help propose the proper protection measures [63]. Moreover, the appropriate mitigation or hazard reduction approaches can be more effectively designed and applied. Furthermore, the awareness of the non-safe regions related to flood hazards might be helpful in emergency preparedness planning.



Therefore, scientists, engineers, stakeholders, planners and decision-makers may utilize the proposed approach in forthcoming spatial planning projects [64,65]. Additionally, the local authorities may use the produced map to guide the adoption of measures and strategies aiming toward flood hazard mitigation and post-fire management. The present study was limited to simulating the flood event of 2014 with return levels of 200 years. Further studies may be carried out for the floods of different return periods to develop flood mitigation strategies. Moreover, sediment and riverbed morphology may be included in the simulation for detailed investigation in future studies.




6. Conclusions


In this study, the extreme flood event of 6 September 2014 of Deg Nullah was simulated using a 2D HEC-RAS hydrodynamic model. The model simulated results showed a good agreement with flood extents registered by satellite images (MODIS) and observed flood extents. Moreover, flood characteristics, including depth, velocity, arrival time, duration and recession time, were generated by the HEC-RAS 2D model. Model simulated flood extents were found consistent with the flood extents registered by MODIS along with the field observed flood extents. Model simulated flood extent area was found 6% less than the flood extents obtained from the satellite image, which is considered acceptable.



The results of this study showed that the northwest parts of Deg Nullah near Seowal (ID-2), Dullam Kahalwan (ID-3) and Zafarwal (ID-12) were found most hazardous due to high flood depths and longer flood duration. Therefore, these areas are considered the most critical for evacuation. The flood velocities were found to be less than 1.5 m/s at most of the study area locations, thereby posing no serious threats due to the low velocity of the floodwater. However, in the upper reaches of Deg Nullah, floodwater velocities of greater than 2 m/s were observed. Moreover, flood duration in this region was also the longest among the rest of the areas. Therefore, high flood depths, flood velocities, longer flood duration and recession times and less flood arrival times make it the most critical and sensitive region to future flood events.



The present study analyzes the flood vulnerability of residential areas and road networks in the floodplains of Deg Nullah. Based on the hydrodynamic flood modeling results, it is noticeable that most of the residential areas and transportation infrastructure currently exists in medium to high flood risk zones and are likely to be exposed to future flood hazards of the same or more magnitudes. However, it was observed that the areas lying in the upper reaches of Deg Nullah were exposed to severe flood hazards due to high flood depths and velocities, faster flood arrival times, longer flood duration and recession times. Moreover, most of the urban areas/settlements in the middle and lower reaches of Deg Nullah were categorized in the range of low to medium hazard levels and the population may be considered safe inside their homes. Similarly, the road networks in the upper reaches were subjected to high flood depths and velocities which may influence the evacuation. The study showed that the HEC-RAS 2D model is an effective tool for studying and assessing the risk of flood events by coupling it with MODIS and other RS data in areas with little or no post-flood event information available. Future applications of the HEC-RAS 2D model with high-resolution DEM and other observed high floodwater marks may help analyze possible flood management strategies.
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Figure 1. Location of the study area. 
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Figure 2. Overall summary of steps of methodology in the form of a flowchart. 
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Figure 3. Observed flow hydrographs at Kingra bridge during monsoon periods of 2014–2017. 
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Figure 4. Observed river cross-sections, location of Deg Nullah and DEM of the study area. 
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Figure 5. Digitized locations of the road networks and urban areas/settlements. 






Figure 5. Digitized locations of the road networks and urban areas/settlements.



[image: Remotesensing 14 02138 g005]







[image: Remotesensing 14 02138 g006 550] 





Figure 6. Comparison of model results with MODIS extents and observed flood marks. 
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Figure 7. Map of the flood based on the maximum flood depths. 
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Figure 8. Map of the maximum flood velocities. 
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Figure 9. Map showing flood arrival times from the start of the simulation period at different locations of the study area. 
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Figure 10. Map of flood duration at different locations of the study area. 
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Figure 11. Map of flood recession times at different locations in the study area. 
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Figure 12. Multivariate flood hazard classification map along with the urban areas/settlements and road networks. 
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Table 1. Observed flood extent locations.
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	Location No.
	Longitude (E)
	Latitude (N)





	1
	74°53′12.97″
	32°18′39.65″



	2
	74°51′55.39″
	32°14′15.79″



	3
	74°48′1.75″
	32°22′22.1″
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Table 2. Flood hazard classification based on maximum depth, velocity, duration and arrival time [26,44,51,52].
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	Hazard Level
	Depth (m)
	Velocity (m/s)
	Duration (h)
	Arrival Time (h)





	Very low
	<0.50
	<1
	<20
	<14



	Low
	0.50–1.0
	1–2
	20–40
	14–28



	Medium
	1.0–2.0
	2–3.8
	40–60
	28–42



	High
	2.0–5.0
	3.8–5.8
	60–80
	42–56



	Extreme
	>5.0
	>5.8
	>80
	56–70
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Table 3. Detaild of important locations (cities, villages, etc.) and road networks in the study area.
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Sr. No.

	
Important Locations

	
Road Networks




	
ID on Map

	
Name of Location

	
ID on Map

	
Name of Road

	
Length of Road (km)






	
1

	
1

	
Kamalpur Bajwa

	
A

	
Pasrur road

	
29.0




	
2

	
2

	
Seowal

	
B

	
Chawinda road

	
28.5




	
3

	
3

	
Dullam Kahalwan

	
C

	
Gujranwala-Pasrur

	
19.1




	
4

	
4

	
Shahzada

	
D

	
Pasrur-Zafarwal

	
16.6




	
5

	
5

	
Kotli Haji Pur

	
E

	
Narowal road

	
20.3




	
6

	
6

	
Ahmad Abad

	
F

	
Kalasawala road

	
16.3




	
7

	
7

	
Dodha

	
G

	
Muridke road

	
12.1




	
8

	
8

	
Talwandi Bhindran

	
H

	
MirakPur road

	
16.2




	
9

	
9

	
Satrah Sandhuan

	
I

	
Nonar road

	
6.5




	
10

	
10

	
Pasrur

	
J

	
Daska road

	
10.2




	
11

	
11

	
Chawinda

	

	

	




	
12

	
12

	
Zafarwal
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