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Abstract

:

Drainage basins in dry and semiarid environments are exposed to sudden, irregular flooding that poses a threat to urban areas and infrastructure. The associated risk is exacerbated by land use changes. Geomorphometric analyses of drainage basins based on geographic information systems (GIS) are essential tools for assessing conceptual flood hazards. Geomorphological data extracted from high-precision digital elevation models (DEMs) provide valuable information for modeling the geomorphic, surface classifications of the earth, and for flood hazard mapping. This study aimed to develop an integrative approach to the mapping of flood hazards along the Al-Shamal train pathway in the city of Qurayyat in the Kingdom of Saudi Arabia (KSA) using GIS and hazard modeling for geomorphological ranking. Furthermore, we propose strategic solutions to provide mitigation and protection from negative impacts with the aim of improving the level of awareness of flood geomorphology. The hazard model of geomorphological ranking was used in mapping and calculating the degree of hazards using 24 geomorphometric criteria. These criteria were divided into formal criteria, terrain criteria, and criteria related to the drainage network. The results of the study revealed that the drainage sub-basins are exposed to flood hazards along the Al-Shamal train pathway in the city of Qurayyat. The very high flood hazard constituted 4228.3 km2, accounting for 70.3% and 65.7%, respectively, of the drainage basins of the wadis of Makhrouq and Bayer. The high flood hazard represented 61% (4712.4 km2) of the basin of the wadis of Sarmadaa. The medium flood hazard was concentrated in the drainage basin of the wadi of Hasidah, accounting for nearly 57.7% (1271.3 km2). The very low flood hazard was present in 46.5% of the drainage basin of the wadis of Hasidah Umm Nakhla, accounting for an area of 799.4 km2. The methodology applied in this study can be used in the estimation of flood hazards in different drainage basins throughout Saudi Arabia and in similar arid regions.
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1. Introduction


Flash flooding is considered one of the most severe weather-related natural disasters. The hazards of flash flooding occur due to its sudden and unexpected occurrence. Flooding is expected to be more severe, frequent, and destructive in the coming years because of climate change and urban expansion, which increases runoff [1,2,3,4].



Flood disasters that occur in dry environments have several challenges relating to the unique characteristics of runoff systems in these environments. In addition, there is a lack of full understanding of the geomorphological characteristics of the drainage basins and their associated processes [5].



The extraction of geomorphological features using geographic information systems (GIS) techniques is a vital aspect of flood hazard mapping. The revolution in GIS software development and open-source datasets has attracted the interest of researchers to implement new automated algorithms to study morphometry, topography, surface, and flood hazard modeling [6,7,8].



In recent years, flood mapping has become a key input into flood mitigation. The flood hazard mapping process aims to provide residents with information about the proposed damage and relevant potential prevention measures [6]. Flood maps are nonstructural representations used to reduce flood damage, and are produced for multiple purposes, such as flood tracking, emergency action planning, flood information, and flood hazard reduction solutions [9].



In recent decades, several methods have been developed for the mapping of flood hazard, including the geomorphological ranking method. In this method, five classes are created for each geomorphometric criterion and ranks are then assigned to each class according to the extent of its impact on the occurrence of flood. From the first to the fifth, these ranks represent the very low, low, medium, high, and very high hazard, respectively. The ranks of each basin are grouped according to the sum of the ranks of all basin geomorphometric criteria to produce the geomorphometric number of the basin. The higher the morphometric number of the basin, the higher the basin’s hazards. Several studies have used the geomorphological ranking method to determine the drainage basins exposed to flood hazards [10,11,12,13,14,15,16,17,18].



GIS-based Multicriteria Decision Analysis (GIS-MCDA) is the most common criterion method for mapping flood hazards. Multicriteria analysis is an important tool for analyzing complex decision issues, which often involve incomparable criteria or data [19]. The analytic hierarchical process method (AHP) is the most used method for multicriteria decision making [20]. AHP is suitable for modeling flood hazards in urban areas, which depends on identifying the criteria that influence hazard levels, where weights of the criteria are determined using AHP.



A number of studies have used the multicriteria analysis method [21,22,23,24,25,26,27,28,29,30]. Hydraulic modeling using the HEC-RAS program is one of the most important methods used to model flood hazards in urban areas because it provides one- and two-dimensional models for the spread, depth, and speed of floodwater [6,9,31,32,33,34,35,36,37,38,39].



References [40,41,42,43,44,45,46] applied a degree of flood hazard model. This model is based on calculating the degree of hazard for each geomorphometric criterion for the drainage sub-basins using mathematical equations, and then calculating the degree of hazards for each drainage sub-basin.



The area investigated in the current study is exposed to flood hazards from five wadis flowing from west to east, namely: (1) Wadi of Makhrouq, which affects Haditha village and the railway in the north of Qurayyat city. (2) Wadi Hasidah Algharbya, which impacts the north of the city of Qurayyat. (3) Wadi of Hasidah Umm Nakhla, which impacts the southern region of Qurayyat city. (4) Wadi of Bayer, which influences the villages of Bayer and Ghati and the adjacent railway. (5) Wadi of Sarmadaa, which impacts the villages of Nassifah, Gamagem, and Rudaifaah. The flows of these wadis have major negative impacts due to the occurrence of annual frequent flooding.



Flooding that occurred on 10 November 2018 was severe and completely halted traffic; submerged homes and schools, Qurayyat hospital, and the villages of Ghati, Bayer, and Haditha; displaced residents of the affected areas; and partially destroyed railways. Furthermore, the construction of the Al-Shamal train pathway in 2017, and its crossings near the villages and cities of Qurayyat, has led to the changes in land use and the morphology of the wadis, thereby increasing the flood hazard in the region.



Destructive flooding occurs frequently in the urban area of Qurayyat City. Increased urbanization and rapid population growth have worsened the impacts of these events. Consequently, flooding constitutes a hazard in urban areas. Flood hazard studies are required in urban areas, particularly due to uncontrolled and ad hoc building construction, and lack of urban planning [47,48].



This study is unique due to the scarcity of existing research that addresses flood hazards in the drainage basins of the northern region of the Kingdom of Saudi Arabia (KSA). The study aims to determine the damage caused by flooding in the city of Qurayyat and the pathway of the Al-Shamal railway. Railways in Saudi Arabia have strategic, economic, and developmental importance. Furthermore, they are subject to potential damage due to geomorphological, hydrological, and flood hazards because of the nature of the climate and the topography of the area in which they are located. Only two previous studies have examined the railways in Saudi Arabia. The first examined the impacts of land use changes and their role in increasing flood hazards of the Riyadh-Dammam train in the eastern region from 2011 to 2017 [9]. The second study examined a small part of the Al-Shamal train line at the beginning of its pathway in the city of Riyadh and focused on the impacts of morphological characteristics [49].



The main objective of this study is to map the flood hazards along the Al-Shamal train line in the city of Qurayyat, Saudi Arabia, using GIS and the geomorphological ranking method. The study applied the Geomorphometric-Hazard Model to calculate the degree of hazards using 24 geomorphologic criteria for the drainage sub-basins. The selected criteria were categorized into three groups, namely, form criteria, terrain criteria, and criteria related to the water drainage network. Moreover, the study addressed mitigation and adaptation measures for flood hazards for future planning decisions in the study area.




2. Study Area


The administrative location of the study area is in the north of the Jawf region in the north of Saudi Arabia. The main drainage basins that affect the city of Qurayyat and the Al-Shamal train line adjacent to it lie on the international border between Saudi Arabia and Jordan. The city of Qurayyat is located about 1200 km from Riyadh (the capital of Saudi Arabia), about 310 km from Sakaka, and about 350 km from the city of Arar. It is bordered to the north and west by Jordan, to the east by Turaif governorate, and to the south, Jawf region. Figure 1 shows the study area.



The study area is a drainage environment for the drainage basins located in the southeast of Jordan. The drainage basins in the study area, from north to south, are Makhrouq, Hasidah Algharbya, Hasidah Umm Nakhla, Bayer, and Sarmadaa. The drainage basins influencing the city of Qurayyat and the Al-Shamal train pathway are located between the latitudes of 3°16′9.75″ to 31°31′33.01″ north and the longitudes of 36°30′45.71″ to 37°48′52.1″ east. The total area of the drainage basins is about 11,011.47 km2. Of this total, 1974.87 km2 (17.93%) is located in Saudi Arabia and 9036.6 km2 (82.07%) in Jordan. Figure 2 shows the digital elevation model (DEM) of the study area in 2020.




3. Methodology


The geomorphological ranking model is considered one of the most important scientific methods used to map flood hazards of the drainage basins. The model calculates the degree of hazard for each geomorphometric criterion in each sub-basin, and then calculates the degree of hazard for each subdrain basin.



The integration in this paper used GIS coupled with geomorphometric parameters to study the flood hazards in the drainage basins of the study area. GIS is used as a tool to visualize input and output data, in addition to calculating the spatial information of model results [50,51].



Figure 3 illustrates the methodology applied in this paper. Both GIS and the Watershed Modeling System (WMS) were used to achieve the objectives of this research, which can be summarized as:




	
Study the flood hazards of the drainage basins in the study area along the Al-Shamal train line using GIS.



	
Develop a flood model based on 24 geomorphometric parameters.



	
Suggest strategic solutions for mitigation for and protection from the negative impacts of floods along the Al-Shamal train line.








The first step of the methodology was to enter the downloaded DEM into ArcGIS to perform hydrological analysis and obtain the following layers:




	
Fill.



	
Flow direction and basins.



	
Flow accumulation and stream order.








As a subsequent step, all previous layers were entered into the WMS to obtain:




	
Aerial parameters.



	
Shape parameters.



	
Topographic parameters.



	
Morphometric parameters.








3.1. Data Collection


Multiple data types and sources were collected to assess the potential flood hazards on the Al-Shamal train line based on the geomorphometric characteristics of the drainage basins affecting the study area. All data layers were standardized for integration into the GIS environment. Table 1 shows the data collected for the study, their relevant characteristics, including spatial accuracy or scale, and source or website used to download the data.



The collected data included a digital elevation model (DEM), topographic maps, and satellite images. A digital elevation model (DEM) with a spatial resolution of 12.5 m was downloaded from http://vertex-retired.daac.asf.alaska.edu. Topographic and geological maps with drawing scales of 1:50,000 and 1:250,000, respectively, were obtained from the Saudi Geological Survey (SGS). Land cover was derived from Landsat-8 OLI/TIRS satellite images with a spatial resolution of 30 m, downloaded from http://earthexplorer.usgs.gov. Drainage basins were created from a network of wadis derived from the DEM and topographic maps. Figure 4 and Figure 5 show the land cover and the drainage basins of the study area.




3.2. Extraction of the Geomorphometric Criteria


The collected data were used to extract various geomorphometric parameters using hydrological analysis. The geomorphometric criteria parameters included: (1) the wadis, which were derived from the downloaded DEM; (2) land cover, which was extracted from the downloaded Landsat satellite images; (3) the stream order and drainage density, which were derived from the network-based wadis, in turn, on the downloaded DEM; (4) and rock types, which were digitized from the geological map. Twenty-four geomorphometric parameters were identified according to their direct relationship to flood hazards. The value of the criterion for each drainage basin affecting the Al-Shamal train line was calculated using the geomorphometric mathematical equations, GIS software, and the Watershed Modeling System (WMS). Table 2 illustrates the geomorphometric criteria used in the study.




3.3. The Ranks of the Geomorphometric Criteria Layer


The rank of each criterion was determined for each drainage basin in the study area. Geomorphometric criteria were used that increased with the increase of the rank of the hazard, such as the area, basin length, number of streams, circularity ratio, stream frequency, and drainage density. Other geomorphometric criteria increased with the decrease of the rank of the hazard, such as the elongation ratio, compactness coefficient, bifurcation ratio, wandering ratio, and hypsometric integral. The criteria are shown in Table 3.




3.4. The Degree of the Geomorphometric Hazards in the Sub-Basins


The degree of the hazards of the geomorphometric criteria in each drainage sub-basin ranged between one (the lowest hazard value) and five (the largest hazard value). The following equations were used to calculate the degree of the hazards of the geomorphometric criteria:


  Hazard   Degree =   4  (   X  −  Xmin   )     (   Xmax  −  Xmin   )    + 1  



(1)




where:



X: value of the geomorphometric criterion within a sub-basin;



Xmin: lowest value for the geomorphometric criterion in all drainage sub-basins;



Xmax: largest value for the geomorphometric criterion in all drainage sub-basins;



1 and 4: fixed numbers.



Equation (1) is used to calculate the degree of the hazard of the geomorphometric criteria that have a direct impact on the degree of flood hazard in which the value of each geomorphometric criterion increases as the degree of flood hazard increases, and vice versa.


  Hazard   Degree =   4  (   X  −  Xmax   )     (   Xmin  −  Xmax   )    + 1  



(2)







Equation (2) is used to calculate the degree of the hazard for the geomorphometric criteria that have an indirect impact on the degree of flood hazard in which the value of each geomorphometric criterion increases as the degree of the flood hazard decreases, and vice versa. The criteria with a direct impact on the degree of flood hazard are area, relief ratio, slope, discharge density, and stream frequency, whereas the criteria that have an indirect impact on the degree of flood hazard are the hypsometric integral, elongation ratio, form factor, compactness coefficient, bifurcation ratio, and the wandering ratio. Table 4 shows the hazard degree values for the geomorphometric criteria for all sub-basins.




3.5. The Hazard Degree in the Sub-Basins


In the final stage, the hazard degree in the drainage sub-basins was determined using three steps:




	
The hazards for all geomorphometric criteria were combined into one drainage sub-basin.








The hazard class width was calculated using Equation (3):


  Hazard   Class   Width =    ∑   Nmax  −  ∑   Nmin   n   



(3)




where:



∑Nmax: largest total sum of the hazard values for one subdrain basin;



∑Nmin: lowest total sum of the hazard values for one subdrain basin;



n: number of hazard classes (very high, high, medium, low, and very low).



	2.

	
Determination of the hazard classes where:







	
The first-class limit was the lowest total sum of the hazard values for one drainage sub-basin;



	
The second-class limit was the sum of the lowest sum of the hazard values for one drainage sub-basin and the hazard class width.






This process was repeated to determine the other hazard classes. Finally, the severity degree of the subdrainage basin was determined using the total values of the degree of hazard in the basin of the five hazard classes.





4. Results and Discussions


4.1. Analysis of the Geomorphometric Characteristics of the Drainage Basins


4.1.1. General Geomorphological Appearance


The most significant geomorphological characteristic of the study area was its intersection with five main wadis flowing from west to east. These wadis from north to south are as follows:




	
Wadi of Makhrouq, which affects the villages of Haditha to the north of the city of Qurayyat and intersects the railway in the north.



	
Wadi of Hasidah Algharbya, which affects the area to the north of the city of Qurayyat.



	
Wadi of Umm Nakhleh, which affects the southern region of the city of Qurayyat.



	
Wadi of Bayer, which affects the villages of Bayer and Ghati in addition to the adjacent railway.



	
Wadi of Sarmadaa, which affects the villages of Nassifah, Gamagem, and Rudaifaah.








These wadis originate in the western highlands of the mountains of Ragla Faras, Waqf Sawan, and Hadi. The total number of drainage basins was 146,640. The total length of the streams was 42,540.51 km. The ranks of these streams ranged between the first and eighth as seen in Figure 6.




4.1.2. Geological Characteristics


The study of geological formations is critical to assess flood hazards due to the relationship between natural and rocky features, of solid, soft, oblique, or horizontal types. The geological map of the study area is shown in Figure 7. The predominant rocks in the study area belong to the third and fourth geologic times. Sedimentary rocks exist in 99% of the area, while igneous rocks constitute only 1% in the southeast of the wadi Sarmadaa and consist of alkaline basalt resulting from lava flows and volcanic ash cones.



Sedimentary rocks in the region belong to the formations of Sarhan and Rashrayan, which consist of limestone combined with dolomite, marl, chalk, and flintstone in separate areas of the study area. These rocks constitute about 53.6% of the area and are concentrated in the upper and middle regions of the basins of the study area. Flood sediments containing silt mixed with both sand and gravel occupy most of the flat and semiflat parts of the Hassida, Umm Nakhla, Bayer, and Sarmadaa basins, whose slopes are not more than 3° and are traversed by the Al-Shamal train line. These sediments constitute nearly 12.8% of the area of the region and are concentrated in the mud and silt depressions in the lower part of the wadi of the Makhrouk basin. River sediments, wind sand sediments, and other sediments cover about 18.2% of the study area. Gravel sediments, which are spread over large areas of the central regions of the Hassida basins, Umm Nakhleh, Bayer, and Sarmadaa, and in limited areas of the wadi of Makhrouk, constitute 13.8% of the study area. Sand and phosphorous sediments, which consist of silica, occupy specific areas of the wadi of Sarmadaa and Bayer basins to a maximum of 0.3%.




4.1.3. Analysis of the Geomorphometric Characteristics


The values of the different geomorphometric criteria for the drainage sub-basins were calculated using the WMS and ArcGIS software. Table 5 and Figure 8, Figure 9, Figure 10, Figure 11, Figure 12 and Figure 13 present the values of the different geomorphometric criteria for the drainage sub-basins.



	I.

	
The Total Area of the Basin







The total area of the basin is an indication of the basin’s dimensions and volume [54]. The total area of the basin is an important component for calculating many other geomorphometric parameters, such as drainage density, stream frequency, shape factor, elongation ratio, circularity ratio, and compactness coefficient [61]. The total area of the drainage sub-basins that affect the Al-Shamal train line is 799.4 km2 in the Umm Nakhleh Hasidah basin and 4712.4 km2 in the Sarmadaa basin.



	II.

	
Basin Length







The length of the basin determines the distance that the tributary network travels from the upper sources to the estuaries. It also indicates the formal parameters such as the shape of the basin, the form factor, and the elongation ratio. The length of the basin exceeds its width when the basin has the approximate shape of a rectangle and its elongation ratio increases, and vice versa [62,63]. The lengths of the drainage sub-basins affecting the Al-Shamal train line range from 62.02 km in the basin of Hasidah Umm Nakhleh to 124.33 km in the basin of Bayer.



	III.

	
Number of Streams







The number of tributaries in a drainage basin is an indicator of the severity of flooding in the basin. In addition, it is an indicator of other geomorphometric parameters, including the frequency of tributaries. A greater number of tributaries is a sign of high erosion rates and high drainage density with a lower bifurcation ratio [64]. The total number of streams of the drainage basins on the Al-Shamal train line ranges from 9810 streams in the basin of Hasidah Umm Nakhla and 62,704 streams in the basin of Sarmadaa.



	IV.

	
Total Basin Relief







Total basin relief is defined as the difference between the highest and lowest elevation of the basin. The value of the total basin relief is an indication of the relief, slope, and erosion rates [54,65]. Higher values of total basin relief indicate significant variation in basin depths, high slope, and increase in erosion rates. The total basin relief of the drainage sub-basins affecting the Al-Shamal train line ranges between 348 m in the basin of Hasidah Um Nakhla and 546 m in the basin of Bayer.



	V.

	
Relief Ratio







The relief ratio is the ratio between the difference in the drainage basin and the length of the drainage basin. The relief ratio is an indication of relief, slope, and erosion rates [54,65]. A higher relief ratio indicates a large variation in basin depth, severe slope, and increasing erosion rates. The relief ratio of the drainage sub-basins affecting the Al-Shamal train pathway ranges between 4.05 m/km in the basin of Sarmadaa and 6.18 m/km in the basin of Hasidah Algharbya.



	VI.

	
Relative Relief







Relative relief is defined as the ratio between the difference in the drainage basin and the circumference of the drainage basin. Relative relief indicates relief, slope, and erosion rates [54,65]. Higher values of relative relief indicate large differences in basin depths, severe slopes, and increased erosion rates. The relative relief values of the drainage basins on the Al-Shamal train line range between 0.8 m/km in the basin of Sarmadaa, and 1.15 m/km in the basins of Hasidah Algharbya and Hasidah Umm Nakhla.



	VII.

	
Ruggedness Number







The ruggedness number is defined as the product of the drainage density and the difference in the depth of the drainage basin divided by a constant value. The ruggedness number is an indication of relief, drainage density, slope, soil erosion rates, and rock structure [62,63].



The ruggedness number is the product of the relief ratio and drainage density. Higher values of the ruggedness number indicate an increase in high relief ratio, an increase in the drainage density, heterogeneity in the geological structure, and high soil erosion rates. The values of the ruggedness number in the drainage sub-basins which affect the Al-Shamal train line range between 1.75 in the basin of Hasidah Algharbya and 2.11 in the basin of Makhrouq.



	VIII.

	
Gradient Ratio







The gradient ratio is defined as the ratio between the difference of the depths in the drainage basin and the length of the drainage basin [66]. The gradient ratio affects all geomorphometric characteristics of the water drainage properties, including the amount of surface runoff, intrusion rates, drainage intensity, flood severity, and erosion rates. The gradient ratios for drainage sub-basins affecting the Al-Shamal train pathway range from 4 in the basin of Sarmadaa to 6.2 in the basin of Hasidah Algharbya.



	IX.

	
Stream Frequency







Stream frequency is defined as the ratio between the total number of tributaries in a drainage basin and the area of the drainage basin. The frequency of the tributaries indicates relief, intrusion rates, and permeability, and has a direct relationship with the drainage density [62,63,67]. Stream frequency depends on the structure of the rocks and the type of vegetation. Drainage basins containing dense forests and tributaries with a solid geological structure appear in drainage networks with low stream frequency. Conversely, drainage basins that contain agricultural land and weak geological structures have high stream frequency [68]. The frequency of the tributaries for the drainage sub-basins affecting the Al-Shamal train line ranges from 12.27 streams/km2 in the basin of Hasidah Umm Nakhla to 13.61 streams/km2 in the basin of Bayer.



	X.

	
Drainage Density







Drainage density is defined as the ratio between the lengths of all tributaries in a drainage basin and the area of the drainage basin. The drainage density refers to relief, geology, extent of soil erosion, and water drainage [63,69]. Higher values of drainage density indicate steep slopes [70] with semipermeable solid geology, rough texture, and favorable conditions for groundwater conservation [69,71]. The density of the water discharge of the drainage sub-basins affecting the Al-Shamal train line ranges between 3.81 km/km2 in the basin of Hasidah Umm Nakhla and 3.93 km/km2 in the basin of Makhrouq.



	XI.

	
Bifurcation Ratio







The bifurcation ratio is defined as the ratio between the total number of tributaries in a particular order and the total number of the tributaries in the next order [63,66]. The bifurcation rate indicates the shape of the basin and the response to erosion, in addition to the geological structure of the area. A higher bifurcation rate represents a rectangular basin and a high erosion rate, whereas a lower bifurcation rate represents a circular basin and a low erosion rate [62,71]. The bifurcation ratios of the drainage sub-basins that affect the Al-Shamal train line range between 1.57 in the basins of Makhrouq and Hasidah Algharbya, and 7.49 in the basin of Hasidah Umm Nakhla.



	XII.

	
Weighted Mean Bifurcation Ratio







The weighted mean bifurcation ratio is more accurate than the bifurcation ratio, as it takes into account the numbers of tributaries in each stream order in the drainage basin. This ratio is more likely to be consistent than the bifurcation ratio [63,66]. Higher values of the bifurcation ratio represent a rectangular basin and a high erosion rate, while lower bifurcation ratio values represent a circular basin and a low erosion rate [62,66]. The weighted mean bifurcation ratios of the drainage sub-basins affecting the Al-Shamal train line range from 3 in the basin of Makhrouq to 3.92 in the basin of Hasidah Umm Nakhla.



	XIII.

	
Circularity Ratio







The circularity ratio is defined as the ratio between the area of the drainage basin and the square of the basin circumference to a fixed value (12.57), and indicates that the basin has a circular shape. The circularity ratio denotes the form parameters [64], rates of discharge and erosion [66], and the geomorphological and relief features [58]. The circularity ratio is influenced by other factors such as lengths and frequency of tributaries, geological structure, land uses, climate, relief, and basin slope [63,65,72]. The circularity ratio for drainage sub-basins affecting the Al-Shamal train line ranges from 0.15 in the basin of Makhrouq to 0.26 in the basin of Sarmadaa.



	XIV.

	
Elongation Ratio







The elongation ratio is defined as the ratio between the length of a circle’s diameter with the same area of the basin and the length of the basin, and indicates a rectangular basin shape. The elongation ratio indicates the form parameters, the erosion rate, intrusion, and runoff. Higher values of the elongation ratio indicate significant erosion, intrusion, and low runoff [62,65,68]. The elongation ratio of the drainage sub-basins affecting the Al-Shamal train line range between 0.22 in the basin of Makhrouq and 0.32 in the basins of Hasidah Algharbya and Sarmadaa.



	XV.

	
Basin Perimeter







The basin perimeter of a drainage basin is defined as the ratio between the area of a basin and its perimeter. The basin perimeter indicates the length of the outer limits of the drainage basin relative to the area and thus determines other geomorphometric factors such as volume, shape, and drainage density. The upper values of the basin perimeter indicate a large basin size, a lower perimeter, and a high drainage density [52]. The basin perimeters of the subdrainage basins affecting the Al-Shamal train line range from 3.5 km in the basin of Hasidah Umm Nakhla to 9.9 km in the basin of Sarmadaa.



	XVI.

	
Mean Basin Width







The mean basin width determines the permissible amplitude of the basin branches, and the dividing line represents its start and end [62]. Mean basin width refers to morphological parameters such as basin form, form factor, and elongation ratio. The lower value of the mean basin width indicates a rectangular basin shape and a greater elongation ratio [62,63]. The average width of the drainage sub-basins affecting the Al-Shamal train line ranges from 12.9 km in the basin of Hasidah Umm Nakhla to 38.6 km in the basin of Sarmadaa.



	XVII.

	
Form Factor







The form factor is defined as the ratio between the area of the drainage basin and the square of the length of the basin. The form factor indicates the shape, volume, and length of the basin. Rectangular drainage basins are represented by a lower value for the form factor parameter, whereas round drainage basins are represented by a higher value for the form factor [61]. The form factor for the sub-basins affecting the Al-Shamal train line range from 0.19 in the basin of Bayer to 0.33 in the basin of Hasidah Algharbya.



	XVIII.

	
Compactness Coefficient







The compactness coefficient is defined as the ratio between the circumference of the basin and the circumference of a circle that has an area equal to the drainage area of the same basin. The compactness coefficient indicates the erosion rate, in which higher compactness coefficient values indicate significant erosion rates. The compactness coefficient depends on the volume and slope of the drainage basins [66]. The compactness coefficient of the drainage sub-basins affecting the Al-Shamal train line range between 2.0 in the basins of Hasidah Algharbya and Sarmadaa to 2.6 in the basin of Makhrouq.



	XIX.

	
Lemniscate Factor







The shape of the drainage area is wide in the upper basin and gradually narrows towards the lower basin. Chorleye proposed the lemniscate factor to express this geometrical characteristic of drainage basins. The lemniscate factor is defined as the ratio between the square of the basin length and four times the area of the basin. The lemniscate factor of the drainage sub-basins affecting the Al-Shamal train line ranges from 0.76 in the basin of Hasidah Algharbya to 1.61 in the basin of Makhrouq.



	XX.

	
Wandering Ratio







The wandering ratio is defined as the ratio between the length of the main stream that represents the distance the water travels from the source to the promontry, and the ideal length of the stream that represents the shortest distance from the source to the promontory.The wandering ratio indicates the extent of erosion, the geological composition, and the surface runoff speed. Higher values of the wandering ratio represent a high erosion rate, weak geological structure, and low surface runoff speed [61,62]. The wandering ratio at the drainage sub-basins that affect the Al-Shamal train line ranges between 1.2 in the basin of Hasidah Umm Nakhla and 1.7 in the basin of Sarmadaa.



	XXI.

	
Hypsometric Integral







The hypsometric integral is defined as the ratio between the average difference between the mean and the lowest depths, and the relief range. The hypsometric integral represents a time scale that expresses a phase though which the wadis of the rivers pass. The value of the hypsometric integral of all the drainage sub-basins affecting the Al-Shamal train line is a constant value equal to 50 km2/m.



	XXII.

	
Texture Ratio







Texture ratio is defined as the ratio between the total number of tributaries and the basin perimeter. The average of the texture refers to the amount and speed of runoff [64]. Higher values of the texture ratio indicate surface degradation and, therefore, slow surface runoff and increased intrusion rate [64]. The average of the texture ratio for the drainage sub-basins affecting the Al-Shamal train line range from 43.2 in the basin of Hasidah Umm Nakhla to 132.3 in the basin of Sarmadaa.



	XXIII.

	
Sinuosity Index







The sinuosity index is defined as the ratio between the length of the main stream that represents the distance the water travels from the source to the promontory and the length of the basin. The sinuosity index indicates the extent of the responses to erosion, the geological composition of the area, and the speed of runoff. Higher values of the sinuosity index represent a large erosion rate, weak geological structure, and low runoff speed [62,71]. The sinuosity index of the drainage sub-basins affecting the Al-Shamal train line range between 1.18 in the basin of Hasidah Umm Nakhla and 1.69 in the basin of Sarmadaa.



	XXIV.

	
Topographic Sinuosity Index







Topographic sinuosity index is defined as the share, expressed as a percentage, of the length of the drainage basin subtracted from one to the length of the main stream that represents the distance the water travels from the source to the promontory subtracted from one. The topographical sinuosity index of the drainage sub-basins affecting the Al-Shamal train line range between 59.12 in the basin of Sarmadaa and 84.86 in the basin of Hasidah Umm Nakhla.





4.2. Flood Hazard Map along the Al-Shamal Train Pathway


A flood hazard model was used to identify the classes of flood hazard for the drainage sub-basins. Figure 14 and Table 6 indicate that the drainage sub-basins are subject to very high hazard levels, which accounts for an area of about 4228.3 km2 in the wadis of Bayer and Makhrouq. The geomorphometric number of the total sum of the hazard (= 120°) for the 24 geomorphometric criteria is 84.36° (70.3%) in the wadi of Makhrouq and 78.86° (65.7%) in the wadi of Bayer. The geomorphometric number of the wadi of Sarmadaa is 73.2° (61%), with hazard° ranging from 72.944 to 78.652, and an area equivalent to 4712.4 km2.



The wadi of Hasidah Algharbya is subject to flood hazards ranging from 67.236° to 72.944° with an area of 1271.3 km2. Furthermore, the geomorphometric number was 69.18, accounting for about 57.7%. The wadi of Hasidah Umm Nakhla is subject to flood hazards ranging from 55.82 to 61.528° with an area of 799.4 km2; the geomorphometric number was 55.82, accounting for about 46.5%.




4.3. Matrix Correlation


Approximately 300 correlation relationships exist between the 24 geomorphometric criteria parameters. Of these, 86 (28.7%) were very weak relationships, with a coefficient of determination ranging from 0 to 0.1; 72 (24%) were weak relationships, with a coefficient of determination ranging from 0.1 to 0.35; 46 (15.3%) were mean relationships, with a coefficient of determination of 0.35–0.65; 42 (14%) were strong relationships, with a coefficient of determination ranging from 0.65 to 0.9; and 54 (18%) were very strong relationships, with a coefficient of determination ranging from 0.9 to 1. Figure 15 shows the correlation matrix for the geomorphological criteria based on the value of R2.




4.4. Validation of Flood Hazard Model


The ROC curve method is a statistical method based on a scientific and mathematical basis that provides a graphical representation and allows the accuracy and reliability of the flood hazard map to be evaluated [72,73,74]. The ROC curve is a graph of two axes (x and y). The false-positive rate (FPR) is displayed along the x-axis. The FPR is a rate that expresses the number of samples in the flood hazard map that are classified as having a low likelihood of flooding occurring, in which no flooding has occurred previously. The true positive rate (TPR) is displayed along the y-axis. This rate expresses the number of samples in the flood hazard map in which flooding is classified as likely to occur, and in which flooding has occurred previously.



The area under the curve (AUC) was used to examine the reliability of the prediction rate. If the AUC was less 0.5 (AUC < 0.5), then the results of the flood risk map cannot be completely relied upon because they are deemed to be misleading or incorrect. In contrast, if AUC = 1, then the results are ideal and thus appropriate. Table 7 shows the AUC and the degree of validation of the results.



The ROC curve was drawn between the values extracted from the flood map of the samples, which were selected from the field study of the region. Figure 16 shows the flood of the wadi of Bayer and the resulting severe damage in the villages of Ghati and Bayer on 10 November 2018. The ROC curve presented in Figure 17 was obtained using the SPSS software. The AUC value was 0.971 (97.1%) with a confidence level of 95%; this value indicates the obtained flood hazard map has an excellent degree of reliability.





5. Conclusions and Recommendations


This study inspected the impacts of flood hazards on the Al-Shamal train line in the city of Qurayyat, Saudi Arabia, based on the integration of GIS and the hazard model of geomorphological ranking. The obtained flood hazard map is an essential component in emergency planning, flood forecasting, land planning, and resource allocation. The study examined five main wadis, namely, Makhrouq, Hasidah Algharbya, Hasidah Umm Nakhla, Bayer, and Sarmadaa. These wadis carry millions of cubic meters of floodwater each year, which provides no benefit, in addition to causing destruction of infrastructure. Implementation of projects to mitigate the flood hazard is lacking, particularly in the wadis examined in this study.



The results indicated that there were four classes of flood hazard along the Al-Shamal train line in the city of Qurayyat, namely, very high, high, medium, and very low. The very high hazards were focused on the drainage basins of the wadis of Makhrouq and Bayer, accounting for nearly 70.3% and 65.7%, respectively, and a total area of 4228.3 km2. The high hazards were represented in the wadi of the Sarmadaa basin, accounting for 61% and an area of 4712.4 km2. The medium hazards were centralized in the wadi of Hasidah Algharbya, accounting for about 57.7% and an area of 1271.3 km2. The very low hazards were represented in the wadi of Hasidah Umm Nakhla, accounting for 46.5% and an area of 799.4 km2.



The study area urgently requires further research on the application of integrated strategies to mitigate flood hazards. These studies should begin by focusing on the wadis affecting the study area, namely, Makhrouq, Bayer, Hasidah Algharbya, Hasidah Umm Nakhla, and Sarmadaa. Additional hydrological studies are required to estimate the maximum flow of floodwaters and their arrival time based on the amount of rainfall occurring in these wadis at the different reference periods of 50 and 100 years. In addition, further research is critical for the construction of drainage facilities for floodwater and the establishment of appropriate protection measures, according to the research findings.



The results of the flood hazard map obtained in this study indicate a pressing need for a plan to be implemented to mitigate flood hazards. Priority must be given to areas that are classified as high and very high flood hazard, particularly in the wadis of Bayer and Makhrouq, and the point where these wadis converge with the Al-Shamal train line. These areas have been subject to repeated flood hazards and, consequently, the inhabitants of the villages of Bayer, Ghati, and Hasidah have been displaced. Furthermore, the study recommends directing future urban growth and infrastructure away from the areas referred to in the flood hazard map, particularly areas classified as having high and very high hazards. In addition, construction in agricultural areas without providing suitable measures to mitigate flood hazards commensurate with the surface runoff of the wadis should also be avoided or prohibited.



This study recommends implementation of a long-term plan to address the most critical regions of the study area; these are: north of the city of Qurayyat, in the area of Faidha Rashrashiyeh; northwest of the city of Qurayyat along the new international road; the villages of Aqeelah and Dabousieh; the villages of Bayer and Ghati; and the villages of Ain Hawas. The company that owns the Al-Shamal train line project should reconsider the suitability of the location of the line, which extends 2750 km from Riyadh in the south to Hasidah in the north. Moreover, the company should undertake hazard studies encompassing flooding, geomorphological hazards, and sand migration to ensure the safety of life and property. The current research concentrated on the drainage basins in the city of Qurayyat. However, the same approach can be implemented in other dry drainage basins in arid and semiarid environments. The obtained results are expected to be valuable for planners to apply suitable protection measures and develop early warning systems against flood hazards.
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Figure 1. Map of the study area in Saudi Arabia. 
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Figure 2. Digital elevation model (DEM, 12.5 m) of the study area in 2020. 
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Figure 3. Methodology flowchart. 
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Figure 4. Land use of the study area in 2020. 
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Figure 5. Drainage basins of the study area in 2020. 
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Figure 6. Ranks of the wadis in the study area in 2020. 
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Figure 7. Geological formations in the study area in 2020. 
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Figure 8. Geomorphometric criteria: (A) area; (B) basin length; (C) stream order; (D) total basin relief. 
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Figure 9. Geomorphometric criteria: (A) relief ratio; (B) relative relief; (C) ruggedness number; (D) gradient ratio. 
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Figure 10. Geomorphometric criteria: (A) stream frequency; (B) drainage density; (C) bifurcation ratio; (D) weighted mean bifurcation ratio. 
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Figure 11. Geomorphometric criteria: (A) circularity ratio; (B) elongation ratio; (C) basin perimeter; (D) form factor. 
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Figure 12. Geomorphometric criteria: (A) form factor; (B) compactness coefficient; (C) lemniscate factor; (D) wandering ratio. 
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Figure 13. Geomorphometric criteria: (A) hypsometric integral; (B) texture ratio; (C) sinuosity index; (D) topographic sinuosity index. 
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Figure 14. Flood hazards of drainage basins affecting the Al-Shamal train line. 






Figure 14. Flood hazards of drainage basins affecting the Al-Shamal train line.



[image: Geosciences 10 00333 g014]







[image: Geosciences 10 00333 g015 550] 





Figure 15. Matrix of correlation between the geomorphological criteria based on the R2 value. 
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Figure 16. (A) Flooding of the villages of Bayer and Ghati on 10 November 2018. (B,C) Damage to the Al-Shamal train line due to flooding in the wadi of Bayer on 10 November 2018. 
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Figure 17. ROC curve between the values extracted from the sample flood map and the hazard classification values. 
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Table 1. Description of the data used in the study.
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Criterion

	
Data Used to Extract Criteria

	
Authority/Website Used to Obtain the Data




	
Data Type

	
Scale/Spatial Resolution






	
Wadis

	
DEM

	
12.5 m

	
http://vertex-retired.daac.asf.alaska.edu




	
Topographic maps

	
1: 50,000

	
General Survey Authority




	
Slope

	
DEM

	
12.5 m

	
http://vertex-retired.daac.asf.alaska.edu




	
Land Cover

	
Landsat 8 OLI/TIRS

	
30 m

	
http://earthexplorer.usgs.gov




	
Hydrological Group

	
Geological maps

	
1: 250,000

	
Saudi Geological Survey Authority




	
Ranks of the Wadis

	
The wadis network derived from the DEM

	
12.5 m

	
http://vertex-retired.daac.asf.alaska.edu




	
Drainage Density

	
The wadis network derived from the DEM

	
12.5 m

	
http://vertex-retired.daac.asf.alaska.edu




	
Geological Formation

	
Geological maps

	
1: 250,000

	
Saudi Geological Survey Authority
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Table 2. The geomorphometric criteria used to identify drainage basins exposed to flood hazards.
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	#
	Criterion
	Symbolic Parameter
	Equation/Software
	Reference





	1
	The area of the basin
	A
	WMS
	[52]



	2
	Basins length
	Lb
	WMS
	[53]



	3
	Stream order
	u
	ArcGIS
	[54]



	4
	Total basin relief
	H
	H(m) = Z(m) − z(m)
	[54]



	5
	Relief ratio
	Rr
	Rr = H/L
	[53]



	6
	Relative relief
	ReRe
	ReRe = H/P
	[53]



	7
	Ruggedness number
	Rn
	Rn = (D × Rh)/1000
	[54]



	8
	Gradient ratio
	Rg
	Rg = (Z − z)/Lb
	[55]



	9
	Stream frequency
	F
	F = ∑Nu/A
	[52]



	10
	Drainage density
	D
	D = ∑LU/A
	[56]



	11
	Bifurcation ratio
	Rb
	Rb = Nu/Nu + 1
	[52]



	12
	Weighted mean bifurcation ratio
	WMRb
	WMRb = ∑(Rbu/Rbu + 1)/(Nu + Nu + 1)/∑N
	[54]



	13
	Circularity ratio
	Rc
	    R c  = 12.57 A / P 2   
	[53]



	14
	Elongation ratio
	Re
	      (  A / π  )   2  / L   
	[53]



	15
	Relative perimeter
	Pr
	Pr = A/P
	[53]



	16
	Mean basin width
	Wb
	Wb = A/L
	[56]



	17
	Form factor ratio
	Ff
	    F f  = A /  L b 2    
	[56]



	18
	Compactness coefficient
	Cc
	    C C  = 0.2841   P /  A  0.5     
	[52]



	19
	Lemniscate factor
	K
	   K = 1.000    L b 2  / 4 A   
	[57]



	20
	Wandering ratio
	Rw
	Rw = C/L
	[58]



	21
	Hypsometric integral
	H
	H = (Z′ − Zo)/(Zmax − Zo)
	[59]



	22
	Texture ratio
	I
	I = u/P
	[52]



	23
	Sinuosity index
	Si
	S I = C1/V1
	[60]



	24
	Topographic sinuosity index
	Tsi
	Tsi = V1 − 1/C1 − 1 × 100
	[60]
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Table 3. Ranks for geomorphometric criteria of the drainage sub-basins affecting the Al-Shamal train line.
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	#
	Criterion
	Bayer
	Makhrouq
	Hasidah Algharbya
	Hasidah Umm Nakhla
	Sarmadaa





	1
	The area of the basin
	3
	1
	1
	1
	5



	2
	Basins length
	5
	3
	1
	1
	5



	3
	Stream order
	3
	1
	1
	1
	5



	4
	Total basin relief
	5
	5
	1
	1
	4



	5
	Relief ratio
	1
	4
	5
	4
	1



	6
	Relative relief
	2
	5
	3
	3
	1



	7
	Ruggedness number
	5
	5
	1
	2
	3



	8
	Gradient ratio
	1
	4
	5
	4
	1



	9
	Stream frequency
	5
	5
	4
	1
	4



	10
	Drainage density
	4
	5
	2
	1
	2



	11
	Bifurcation ratio
	5
	5
	5
	1
	5



	12
	Weighted mean bifurcation ratio
	5
	5
	5
	1
	5



	13
	Circularity ratio
	1
	1
	5
	2
	5



	14
	Elongation ratio
	5
	5
	1
	3
	1



	15
	Relative perimeter
	3
	1
	2
	1
	5



	16
	Mean basin width
	3
	1
	2
	1
	5



	17
	Form factor ratio
	5
	5
	1
	4
	1



	18
	Compactness coefficient
	1
	1
	5
	3
	5



	19
	Lemniscate factor
	4
	5
	1
	3
	1



	20
	Wandering ratio
	3
	4
	4
	5
	1



	21
	Hypsometric integral
	1
	1
	1
	1
	1



	22
	Texture ratio
	3
	5
	4
	5
	1



	23
	Sinuosity index
	2
	4
	4
	5
	1



	24
	Topographic sinuosity index
	4
	3
	4
	1
	5



	
	Total
	79
	84
	68
	55
	73
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Table 4. The hazard values of the geomorphometric criteria for the drainage sub-basins.
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	#
	Criterion
	Bayer
	Makhrouq
	Hasidah Algharbya
	Hasidah Umm Nakhla
	Sarmadaa





	1
	The area of the basin
	3.15
	1.54
	1.48
	1
	5



	2
	Basins length
	5
	2.95
	1.02
	1
	4.85



	3
	Stream order
	3.24
	1.62
	1.52
	1
	5



	4
	Total basin relief
	5
	4.6
	1.75
	1
	3.95



	5
	Relief ratio
	1.64
	4.08
	5
	3.95
	1



	6
	Relative relief
	2.33
	5
	3.33
	3.33
	1



	7
	Ruggedness number
	4.22
	5
	1
	1.89
	3.22



	8
	Gradient ratio
	1.73
	4.09
	5
	3.91
	1



	9
	Stream frequency
	5
	4.85
	3.42
	1
	4.1



	10
	Drainage density
	4
	5
	2
	1
	2



	11
	Bifurcation ratio
	4.99
	5
	5
	1
	4.74



	12
	Weighted mean bifurcation ratio
	4.96
	5
	4.91
	1
	4.96



	13
	Circularity ratio
	1.36
	1
	4.64
	2.45
	5



	14
	Elongation ratio
	4.2
	5
	1
	3.4
	1



	15
	Relative perimeter
	2.63
	1.25
	2
	1
	5



	16
	Mean basin width
	2.62
	1.23
	2.17
	1
	5



	17
	Form factor ratio
	4.29
	5
	1
	3.82
	1.24



	18
	Compactness coefficient
	1.67
	1
	5
	3
	5



	19
	Lemniscate factor
	3.68
	5
	1
	3.07
	1.14



	20
	Wandering ratio
	2.6
	4.2
	4.2
	5
	1



	21
	Hypsometric integral
	1
	1
	1
	1
	1



	22
	Texture ratio
	3.23
	4.54
	3.97
	5
	1



	23
	Sinuosity index
	2.33
	3.75
	4.14
	5
	1



	24
	Topographic sinuosity index
	3.99
	2.66
	3.63
	1
	5



	
	Total
	78.86
	84.36
	69.18
	55.82
	73.2
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Table 5. The values of the geomorphometric characteristics of the drainage basins affecting the Al-Shamal train line.
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	#
	Criterion
	Bayer
	Makhrouq
	Hasidah Algharbya
	Hasidah Umm Nakhla
	Sarmadaa





	1
	The area of the basin (km2)
	2900.7
	1327.6
	1271.3
	799.4
	4712.4



	2
	Basins length (km)
	124.33
	92.42
	62.32
	62.02
	122.07



	3
	Stream order
	39,491
	18,004
	16,631
	9810
	62,704



	4
	Total basin relief (m)
	546
	526
	385
	348
	494



	5
	Relief ratio (m/km)
	4.39
	5.69
	6.18
	5.62
	4.05



	6
	Relative relief
	1
	1.4
	1.15
	1.15
	0.8



	7
	Ruggedness number
	2.04
	2.11
	1.75
	1.83
	1.95



	8
	Gradient ratio
	4.4
	5.7
	6.2
	5.6
	4



	9
	Stream frequency (stream/km2)
	13.61
	13.56
	13.08
	12.27
	13.31



	10
	Drainage density (km/km2)
	3.9
	3.93
	3.84
	3.81
	3.84



	11
	Bifurcation ratio
	1.59
	1.57
	1.57
	7.49
	1.95



	12
	Weighted mean bifurcation ratio
	3.01
	3
	3.02
	3.92
	3.01



	13
	Circularity ratio
	0.16
	0.15
	0.25
	0.19
	0.26



	14
	Elongation ratio
	0.24
	0.22
	0.32
	0.26
	0.32



	15
	Relative perimeter (km)
	6.1
	3.9
	5.1
	3.5
	9.9



	16
	Mean basin width (km)
	23.3
	14.4
	20.4
	12.9
	38.6



	17
	Form factor ratio
	0.19
	0.16
	0.33
	0.21
	0.32



	18
	Compactness coefficient
	2.5
	2.6
	2
	2.3
	2



	19
	Lemniscate factor
	1.33
	1.61
	0.76
	1.2
	0.79



	20
	Wandering ratio
	1.5
	1.3
	1.3
	1.2
	1.7



	21
	Hypsometric Integral (km2/m)
	0.5
	0.5
	0.5
	0.5
	0.5



	22
	Texture ratio
	82.6
	53.4
	66.1
	43.2
	132.3



	23
	Sinuosity index
	1.52
	1.34
	1.29
	1.18
	1.69



	24
	Topographic sinuosity index
	65.61
	74.17
	67.95
	84.86
	59.12
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Table 6. Flood hazard classes along the Al-Shamal train line.
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	Class
	Range
	Degree of Hazards





	First
	55.82–61.528
	Very low



	Second
	61.528–67.236
	Low



	Third
	67.236–72.944
	Medium



	Fourth
	72.944–78.652
	High



	Fifth
	78.652–84.36
	Very high
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Table 7. Area under the curve (AUC) values and the degree of validation of the results.






Table 7. Area under the curve (AUC) values and the degree of validation of the results.





	AUC
	Degree of Validation





	<0.5
	The results cannot be relied upon



	0.5–0.6
	Weak



	0.6–0.7
	Medium



	0.7–0.8
	good



	0.8–0.9
	Very good



	0.9–1
	Excellent











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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