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Abstract

:

For public safety, especially for people who dwell in the valley that is located downstream of a dam site, as well as the protection of economic and environmental resources, risk management programs are urgently required all over the world. Despite the high safety standards of dams because of improved engineering and excellent construction in recent times, a zero-risk guarantee is not possible, and accidents can happen, triggered by natural hazards, human actions, or just because the dam is aging. In addition to that is the impact of potential climate change, which may not have been taken into account in the original design. A flood risk management program, which is essential for protecting downstream dam areas, is required. Part of this program is to prepare an inundation map to simulate the impact of dam failure on the downstream areas. The Baysh dam has crucial importance both to protect the downstream areas against flooding, to provide drinking water to cities in the surrounding areas, and to use the excess water for irrigation of the agricultural areas located downstream of the dam. Recently, the Kingdom of Saudi Arabia (KSA) was affected by extraordinary rainstorm events causing many problems in many different areas. One of these events happened along the basin of the Baysh dam, which raised the alarm to the decision makers and to the public to take suitable action before dam failure occurs. The current study deals with a flood risk analysis of Wadi Baysh using an integration of hydrologic and hydraulic models. A detailed field investigation of the dam site and the downstream areas down to the Red Sea coast has been undertaken. Three scenarios were applied to check the dam and the reservoir functionality; the first scenario at 100- and 200-year return period rainfall events, the second scenario according to the Probable Maximum Precipitation (PMP), and the third scenario if the dam fails. Our findings indicated that the Baysh dam and reservoir at 100- and 200-year rainfall events are adequate, however, at the PMP the water will spill out from the spillway at ~8900 m3/s causing flooding to the downstream areas; thus, a well-designed channel along the downstream wadi portion up to the Red Sea coast is required. However, at dam failure, the inundation model indicated that a vast area of the section downstream of the dam will be utterly devastated, causing a significant loss of lives and destruction of urban areas and agricultural lands. Eventually, an effective warning system and flood hazard management system are imperative.
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1. Introduction


Flood hazards are considered one of the most significant natural hazards that cause damage, destruction, and loss of human property as well as injuries and death [1,2,3,4,5,6,7]. These floods can halt all further development activities and efforts and cause countries’ resources to be exhausted in the mitigation of the adverse impacts of these flood hazards. Flash floods in arid areas are generally related to an extraordinary increase in the precipitation values resulting in high discharge at the downstream basin portions [8]. Due to scarcity of rainfall in the arid regions, there is a rapid increase in the uncontrolled urban sprawl along the wadis passes and their floodplain areas; areas which will be under a significant risk due to flash floods [1,2,3,9,10,11]. The flash flood impacts have increased in many areas all over the world especially with recent climate changes [12,13,14,15,16]. Various causative factors are contributors to flash floods (e.g., hydrological and meteorological characteristics, soil and land-use types, geological structures, geomorphology, and vegetation) [8,17,18].



Recently, heavy rainfall events have triggered flash floods in various areas in the Middle East countries. In Morocco, three flash flood events in 1995, 2002, and 2008 left 268 dead [19]. In Algeria, flash floods and mudslides in 2001 caused more than 700 to perish and thousands to be left homeless [20]. In Chad, 2012, floods displaced hundreds of thousands and swamped 255,720 ha of croplands [21]. In Egypt, flash floods frequently occur in many areas, e.g., in 2016, 22 people were killed in the Ras Gharib area [22]. In the Kingdom of Saudi Arabia (KSA) flash floods have occurred in many areas (e.g., Jeddah City in the years 2009, 2011, 2015, 2017, and 2018; Al-Lith in 2018, and Al Riyadh in 2015 and 2018). The city of Jeddah was hit by the most severe events in 2009 and 2011 causing a death toll of 113 people, damage to more than 10,000 homes, and the destruction of 17,000 vehicles [23,24].



Many flood events are related to dam failures [25]. Dams, around the world, have been established for various purposes (e.g., flood prevention, electricity generation, agriculture activities, and water supply [26]. Unfortunately, many of these dams have failed due to many reasons (e.g., structural problems, earthquakes, landslides, foundation failure, unprecedented extreme rainfalls, and high-water flows [27,28]. Most of the dam failures are triggered by flooding due to inadequate capacity of the reservoir and spillway and the consequent overtopping of water over the dam crest. The Kaddam dam in India failed due to overtopping in 1958 [29]. The Banqiao dam and the Shimantan dam in China collapsed due to the overtopping in 1975, causing the death of 85,000 people [25]. In the KSA, dam construction activities began around two decades ago. However, in recent years many dam areas were affected by extraordinary rainfall events. These rainfall events are increasing the threat to communities and putting significant stresses on governments. Many dam failures have happened in some areas in the KSA causing inundation problems. Fortunately, these dams were small ones (e.g., the Um Al-Khair dam in Jeddah, failed in 2011) [23,24] and the Al-Lith dam failed after severe rainfall in November 2018)).



However, to protect the downstream areas of any dam, the development of an emergency action plan is required. This needs an accurate estimation of the inundation level and extent at the downstream areas of the dam site [30]. Flood prevention measures, in many areas, are required to decrease and minimize the enormous, potentially devastating impact to urban and agricultural areas and infrastructure units (roads, highways, bridges, pipelines and electricity lines, and railways) [31]. Effective early warning systems and emergency plans for flooding episodes are required in many arid countries [32,33]. These systems will provide the authorities, governments, and policymakers the ability to mitigate or prevent potential damage due to floods. Liu and De Smedt [34] mentioned that understanding the mitigative techniques of flooding requires new insights in hydrological research by using geographic information system (GIS), digital soil-type maps, topography, and land use/land cover data. Generally, the assessment of flood damage relies on the interaction between flood levels and human activities. Changes in modern society, due to population increase, economic development, uncontrol urbanization, and deforestation make society more vulnerable to flooding [17,35]. The scale and impact of flood crises on societies (people, property, industry, and economics) will increase if there is no application of effective flood risk management [36]. Recently, many effective methods have been introduced in flood risk management, including hydrodynamic models and flood inundation mapping [37,38,39,40,41,42,43].



The fundamental objectives of the current study are to evaluate the different hydrological and hydraulical responses of the Wadi Baysh dam at 100-year and 200-year return period rainfall events and at Probable Maximum Precipitation (PMP) under different scenarios for the dam reservoir. In addition, the goal is to evaluate the conditions of the dam downstream at the time of dam failure due to water overtopping. Various variables control flood intensity and frequency, such as rainfall characteristics, drainage networks, basin conditions, and land use/land cover distributions. In the case where a dam is currently present, the dam properties will be used. To achieve these objectives in this research, an integrated approach using different models was used. A Watershed Modelling System (WMS) was used to extract the drainage networks and drainage basins characteristics. The Hydrologic Engineering Center-Hydrologic Modeling System (HEC-HMS) was used to simulate the rainfall-runoff processes of the basins. The Soil Conservation Service (SCS) model was used to evaluate the rainfall-runoff of the catchments. The Simplified Dam Break (SMPDBK) model of WMS was applied to assess the dam failure (dam break), where three substantial elements are required including the estimation of the outflow hydrograph of the dam break, hydrographs of the routing methodology of the waters released by dam breaks through the downstream wadis, and the determination of the inundation levels along the downstream areas. These studies were carried out with the help of Geographic Information Systems (GIS) that are used to prepare the Digital Elevation Models (DEMs) and for analysis of remote sensing images, geologic maps, soil types, and land-use/land-cover data. A field investigation was applied to validate and verify the inundation model. This study is crucial work in the KSA for flash flood assessment and to manage future flood risks due to dam failure.




2. Study Area Characteristics and Problem Statement


2.1. Location and Geology


The Wadi Baysh basin is located in the Jazan region, in the southwestern portion of the Kingdom of Saudi Arabia (Figure 1a). It is bounded by longitudes between 42°20′30″ and 43°27′54″ E and latitudes between 17°02′57″ and 18°04′12″ N. There are many urban areas distributed along the downstream portion of the dam site (Figure 1b,c). Prior to the dam construction, the downstream area was vulnerable to flash floods from Wadi Baysh. This wadi drains the high mountain areas that are located upstream of the dam site into the floodplain area located downstream of the dam site, before entering the Red Sea. The upstream catchment of the dam site is characterized by many tributaries (e.g., Wadi Dafa, Wadi Dhibah, Wadi Lajb, Wadi Bishah, and Wadi Yakhraf). The elevation of the study area ranges between 0 m above mean sea level (on the Red Sea coast) and 2750 m (at the eastern portion of the basin).



Interpretation of the geological maps (quadrangles GM-77C and GM-75C) (1:250,000-scale) acquired from the Saudi Geological Survey database for the study area revealed the rock succession in the Wadi Baysh area and is shown in Figure 1b. The succession is composed of PreCambrian basement rocks (mainly intrusive and volcanic rocks with lessor amounts of metamorphic rocks), which compose the main constituent of the upstream basin of the dam site. Sedimentary rocks (sandstone and calcareous rocks) overlay the PreCambarian rocks and are concentrated in the area surrounding the dam site and at the middle area of the upstream basin. The sedimentary rocks are overlaid with loose and/or consolidated Quaternary deposits (alluvial and terrace deposits) and cover a large portion of the downstream area of the dam site. Sabkha deposits are located along the mouth of the wadi along the Red Sea coast. Finally, sand dunes are found in the downstream basins of the dam site. There are many urban, agricultural, and reclamation areas distributed along the downstream portion of the dam site (on the wadi course and its floodplain sediments). The study area is distinguished by great variability of temperature resulting in a very hot summer and mild winter. According to climate classification, the study area belongs to the hot dry desert (BWh) climate zone [44,45].




2.2. Dam and Reservoir Characteristics


The Baysh dam was constructed in 2009 along the main stream of Wadi Baysh. It located at Longitude 42°39′28″ E, and Latitude 17°39′57″ N (Figure 1d). According to the data obtained from the Ministry of Environment, Water, and Agriculture, confirmed through field visits to the dam site and its surroundings, it was found that the dam was constructed to control the flood water that collected from the upstream drainage basin (with an area of ~4745 km2). It also provides water to some cities. It is a solid gravity dam, ~340 m long and ~74 m high. The spillway level is ~62 m high and ~112 m wide (consisting of eight openings with ~14 m width for each). The top barrier of the dam is 1.51 m high, the spillway depth is ~10.49 m, and the footprint of the reservoir at the level of the spillway is ~8.09 km2.




2.3. Statement of the Problem


Dam breaks can result in enormous damage to downstream areas of the dam. The Baysh dam is a concrete dam established across Wadi Baysh (Figure 2a). It represents one of the largest dams in the Kingdom of Saudi Arabia. The reservoir capacity reaches ~192 million cubic meters (MCM). Many urban areas are settled downstream of the dam along the wadi course and the floodplain of the wadi (Figure 1b,c). The dam was constructed by the Ministry of Environment, Water, and Agriculture of the KSA. There are many agriculture activities downstream of the dam site affected by floods (Figure 2b). There is likelihood of loss of human lives, urban and agriculture areas, and other economic activities if dam failure occurs. The dam of Wadi Baysh represents a threat to the urban areas located in the dam downstream, especially in the rainy seasons. The heavy rainfalls that hit the Baysh dam basin and the surrounding areas in April 2016 lasted 3 days and led to the reservoir being filled up to the spillway level (Figure 2c) and causing water to run off over the spillway (Figure 2d). This resulted in dozens of villages being inundated, the destruction of a number of vehicles and roads, and death by drowning of a number of citizens and residents (Figure 2e,f). In addition, the dam’s flood gates were opened for many days to alleviate the reservoir capacity, as requested by the KSA authority (Figure 2g). The flooding led to the flow of large quantities of the runoff water into the Red Sea. A lot of media and newspapers were critical of this crisis and speculated about what would happen if the dam failed. This led us to evaluate the hydrological and hydraulical responses of the dam and reservoir under different conditions and led to the establishment of an inundation model for if the dam failed.





3. Data Used and Methodology


3.1. Data Used in the Current Study


In the present study, different data sources were used. All datasets have been georeferenced according to UTM projection (Zone 38), WGS84 Datum. The data can be grouped in the following categories:




	
Satellite data: Landsat Operational Land Imager (OLI) images with 15-m resolution acquired in 2018 for the study area were obtained from Earth explorer website (USGS). Landsat 8 data consists of eleven bands; however, a layer stacking was done for bands (1, 2, 3, 4, 5, 6, and 7) to create an image mosaic with 30-m spatial resolution, followed by image fusion with band 8 (panchromatic 15-m resolution) to create a final mosaic with 15-m spatial resolution. In addition, a high-resolution image was used, which is available on ArcGIS program background (Google Earth image). A Digital Elevation Model (DEM) 12.5-m resolution was acquired from ALOS-PALSAR digital elevation using the Alaska Satellite Facility (the data was obtained at a time when the dam reservoir was almost empty to get an accurate measurement of reservoir volume). A DEM 30-m spatial resolution was acquired from ALOS Global Digital Surface Model (ALOS World 3D-30m), which was used to extract the drainage networks and catchments. A DEM 10-m resolution was acquired from the King Abdul Aziz City for Science and Technology (KACST), which was used to prepare the cross sections along the areas downstream of the dam to establish the inundation model.



	
Geologic map of 1:250,000-scale and topographic sheets of 1:50,000-scale for the study area, obtained from the Saudi Geological Survey, were used in the current study.



	
Rainfall stations located inside and surrounding the catchment area were identified. These include stations A004, A104, A121, N103, SA002, SA102, SA106, SA110, SA125, SA126, SA140, SA145, and SA204. Data records of these stations were collected from the Ministry of Environment, Water, and Agriculture.



	
Dam, spillway, and reservoir characteristics (dam type, height, and length; reservoir area and capacity; and spillway level, width, and height) were obtained from the Ministry of Environment, Water, and Agriculture.



	
Field investigations were carried out at the dam, reservoir, and downstream flood plain areas to collect data related to the existing impact of the flooded areas, to get information from the people in the area related to previous, current, and future problems, and to take photographs to document different situations. Furthermore, a field survey was done to collect cross sections along the downstream dam site that could be used to verify the inundation impacts at 100- and 200-year rainfall events and to validate the inundation model.









3.2. Methodology


The current study demonstrates the application of remote sensing (RS), geographic information systems (GIS), hydrologic and hydraulic models (WMS, HEC-HMS, and FlowMaster) to understand the relationship between rainfall depth and reservoir response at different scenarios (100- and 200-year rainfall return periods, and PMP). In addition to that, the goal is to determine the impact of dam failure on the downstream area by modeling the effect of the water inundation using the simplified dam break model (SMPDBK). To achieve that the following methodologies were applied.



Watershed Modeling System (WMS v. 10) [46] was used to extract drainage networks and catchment boundaries as well as to calculate their morphometric parameters with the help of DEM (30-m resolution). Application of rain frequency analysis was done using different statistical programs to determine the main statistical characteristics of each rain station record. HYdrological FRequency ANalysis (HYFRAN) software [47] was also used to establish and choose the best fit probability distribution for the records of each rainfall station followed by calculation of the rainfall depth for different return periods (100 and 200 years). In addition, the Probable Maximum Precipitation (PMP) for each station was calculated using the Hershfield statistical method [48,49]. The global mapper program with the help of the digital elevation model (12.5-m resolution) was also utilized to create the dam height—reservoir volume relatio46, nship. Erdas Imaging (v. 14) [50] was used to establish the land use/land cover map by applying a supervised classification technique (maximum likelihood classification) on a Landsat OLI image (15-m resolution). Arc GIS (v. 10.2) [51] was used to create a soil map of the catchment areas from the geologic map and high-resolution satellite imagery. Finally, GIS was used to compile the land use/land cover map and soil map to develop a final map that was used to calculate the curve number of different land use and soil units.



The HEC-HMS (v. 4.0) [52] model was applied to estimate the hydraulic responses of Wadi Baysh sub-basins and dam spillway at three critical sites for different scenarios (100- and 200-year return rainfall periods and at the PMP event). These critical sites are considered to be vitally important locations for a number of reasons; 1) they represent the outlet locations for the three sub-catchments (B1, B2, and B3) of Wadi Baysh; 2) the critical site (C1) located at the spillway location represents the first discharge point if the water floods out of the dam; 3) critical site (C2) located at the intersection of Wadi Baysh with the King Abdel-Aziz Bridge connects many urban areas with each other (e.g., Sabya and Baysh cities). If this bridge was damaged or collapsed due to flooding, the whole area would be under risk; 4) critical site (C3) is located at the outlet of Wadi Baysh on the Red Sea where there is a big urban area located very close by (Al Qawz city). Based on a literature review [53,54,55,56] 100- and 200-year return rainfall periods were chosen in this study. In general, rainfall events ranging from 20- to 400-year return periods are considered for planning and designing based on purpose and type of structure [57]. However, regarding the lifetime of different infrastructure projects, flood-disaster mitigation projects are often designed for a 100-year return period [53,58]. In the current work, a great emphasis was applied on a 100- and 200-year return period flood in our analyses, as well for comparison of flood inundated results.



Routing analysis was taken into consideration during this study. The Flowmaster software was used to simulate the level of water height along field survey cross sections along the downstream portion of Wadi Baysh at return periods of 100 and 200 years. The simplified dam break (SMPDBK) model of WMS with the help of DEM 10-m resolution was used to establish the inundation characteristics (water elevation and water depth maps) at the dam failure time. This identifies the impact of dam failure on the downstream areas (agriculture, reclamation, and urban areas, and infrastructures). In addition, it determines the maximum water level in the reservoir that could be applied to prevent overtopping of the dam and downstream flooding.





4. Results


4.1. Catchment Delineation and their Characteristics


To develop rainfall-runoff models, detailed information of Wadi Baysh is required, including catchment topography to delineate drainage networks, catchment boundaries, flow paths, slopes and reach lengths. The WMS program with the help of DEM (30 m) was used to extract these parameters (Figure 1c). The morphometric parameters are shown in Table 1. The results were verified and modified on the basis of digital elevation models (10 and 12.5 m) and topographic maps (1: 50,000-scale). The main basin of the Wadi Baysh catchment has been divided into three sub-basins (B1, B2, and B3):




	(1)

	
The first sub-basin (B1) represents the upstream area of the Wadi Baysh dam (critical site C1) with an area of ~4744.6 km2 and an average slope of ~0.2859 m/m.




	(2)

	
The second sub-basin (B2) represents the drainage area located downstream of the dam site until its exit point at the King Abdul Aziz Road (critical site C2, see Figure 1c) with an area of ~548.5 Km2 and an average slope of ~0.0699 m/m.




	(3)

	
The third sub-basin (B3) represents the drainage area located downstream of the King Abdul Aziz Road to the Red Sea coast (critical site C3, see Figure 1c) with an area of ~450.7 km2 and an average slope of ~0.0085 m/m.









Sub-basins B2 and B3 include agricultural areas and many urban centers (villages) (Figure 1b,c). The areas of sub-basins B2 and B3 were affected by flood events many times before the construction of the dam.




4.2. Rainfall Analysis


The Kingdom of Saudi Arabia is classified as an arid climatic zone according to the Köppen -Geiger climate classification [44,45]. It has no permanent rivers or lakes, precipitation is low over most areas and of irregular frequency, and it has a high temperature in most months of the year. Rainfall usually occurs in winter and spring, with the exception of southwestern regions (where the Baysh basin is located), which are subjected to seasonal rain during the summer. The Southwestern area of the KSA is characterized by heavier rainfall than the rest of the Kingdom. However, sometimes rainfall comes as severe events with high precipitation rates over very short periods, causing sudden flash floods resulting in significant destruction to lives and properties.



In the current study, to determine the rainfall depth for 100- and 200-years return rainfall periods and for the Probable Maximum Precipitation (PMP), 13 rainfall stations operated by the Ministry of Environment, Water and Agriculture (stations A004, A104, A121, N103, SA002, SA102, SA106, SA110, SA125, SA126, SA140, SA145, SA204) were used (Figure 3a). The main rainfall station characteristics, the maximum daily values, and the maximum yearly values were calculated (Table 2). The maximum rainfall depth per day for each year for each rainfall station was analyzed using different probability distribution models. These probability methods were used to determine the best fit distribution curve and to estimate the rainfall depth values for 100- and 200-years return periods using HYFRAN software (Table 2).



The PMP value was estimated from the thirteen rainfall stations in this study. These stations were used to derive a PMP distribution for the Wadi Baysh sub-basins. The estimation of PMP at each rainfall station was done using the Hershfield method [48,49], described in World Meteorological Organization (WMO) Report 1045, “Manual on Estimation of Probable Maximum Precipitation” [59]. Two stations were excluded from the PMP analysis (A004 and SA145) because they give somewhat abnormal values than the adjacent stations. It was found that the rainfall depth of a 100-year return period ranges between 70.6 mm for station SA102 and 113.8 mm for station A004, the rainfall depth of a 200-year return period ranges between 74.9 mm for station SA102 and 137.1 mm for station A004, and the rainfall depth of PMP ranges from 275.9 mm for station SA125 to 356.4 mm for station SA126 (Table 2). Distribution rainfall maps for 100- and 200-years return periods and PMP values for each station were established using the kriging method in ArcGIS (v. 10.2). This method is appropriate when there are irregularly distributed sample data paints such as rainfall and climatological stations [60,61] (Figure 3b,c,d). This was followed by calculating the weighted rainfall value for 100-year and 200-year return periods (for sub-basin B1, B2, and B3) and the PMP (for sub-basin B1, where the dam is located at the downstream of it) were calculated (Table 3).



Laity [62] and Pietersen et al. [63] mentioned that rainfall in most of the arid regions is variable and has limited impact on large basins. Accordingly, the Area Reduction Factor (ARF) was applied in the study area. Two ARF methods were applied to calculate the spatial reduction coefficient for each discharge sub-basin using Equation (1) [64,65] and Equation (2) [66].


  A R F =     − 6944.3   x   L n  A  + 115731.9     0.4    



(1)






  A R F = 1.4167 − 0.0852   x   L n  A   



(2)




where ARF is the areal reduction factor and A is the catchment area (km2). Equation (2) is applied if the catchment area is more than 133 km2.



Table 3 shows the different ARF values for each sub-basin. In the current study, the results of Equation (1) were used to calculate the final weighted rainfall depth of 100-year and 200-year rainfall return periods for the sub-basins (B1, B2, and B3) and PMP value (for sub-basin B1), which are shown in Table 3. These weighted rainfall values were used in establishing a hydrological model for this study.




4.3. Rainfall-Runoff Modeling


The study area has a lack of measured flood flow data. Inflow hydrographs of each sub-basin have been estimated using rainfall-runoff modeling. In the current study, HEC-HMS hydrological modeling software has been used. A model of the catchment is constructed by separating the hydrological cycle into manageable pieces and creating boundaries around the watershed of interest. Any mass or energy flux in the sequence can then be represented with a mathematical model. In most cases, several model choices are available for representing each flux. Each mathematical model included in the software is suitable in different environments and under different conditions based on the catchment characteristics, the local climate, and the objectives of the study. The methods are chosen to represent the hydrological response of the Wadi Baysh sub-catchments.



SCS Curve Number Loss Method


To evaluate the hydraulic response of each sub-basin, different equations were utilized. Various steps were applied to calculate the peak discharge and runoff values included. First, rainfall losses were estimated, which represents the amount of precipitation that will not runoff (e.g., water that is intercepted and transpired by vegetation, water losses due to evaporation, and water losses by infiltration downwards). The HEC-HMS model using the SCS Curve Number loss method considers all previously mentioned losses. To calculate these losses the initial abstraction (Ia), percentage of impervious surfaces of the basin, and curve number (CN) value are required. The CN depends on both land use/land cover and soil type inside each drainage basin. The SCS-CN model estimates effective rainfall value (Pe) (direct runoff) as a function of cumulative precipitation (P), soil cover and land use (weighted CN value for the basin), initial abstraction (Ia), and maximum retention (the maximum effort for soil moisture) (Sr) (see Equation (3), (4), (5), and (6) [52,67]. In general, CN values range from 100 (for water bodies) to approximately 30 for permeable soils with high infiltration rates.


  Pe =   P − Ia   2 /   P − Ia + Sr    



(3)






  Ia = 0.2 S r  



(4)






  Pe =   P − 0.2 S r   2 /   P + 0.8 Sr    



(5)






  Sr =   25400 − 254 CN   /   CN    



(6)




where Pe is the direct runoff (mm); P is the rainfall for different return periods (mm); Ia is the initial loss (mm) (amount of water loss before the occurrence of the runoff, such as filtration and suspended rain on the plants); Sr is the maximum retention (cm) (maximum effort for soil moisture, which is calculated from the curve number); and CN is the curve number.



Furthermore, the SCS method requires lag times to be calculated for each sub-catchment. Lag time (Tlag) is defined as the time from the center of mass of excess rainfall to the hydrograph peak [52]. The SCS lag time equation has been adopted since it provides consistency with the SCS UH model being used (see Equation (7)). A peak discharge (qp) is calculated for each sub-basin for different return periods (see Equation (8)). The time to peak (Tp) can also be calculated (see Equation (9)).


   T  L A G   =    L  0.8       S r + 1     0.7     1900  Y     



(7)






  qp =   0.208 AQ    Tp     



(8)






Tp = Δt/2 + TLAG



(9)




where TLAG is the Lag Time (hour); L is the maximum flow distance (ft); Y is the basin slope (%); qp is the peak discharge (m3/s); A is the basin area (km2); Tp is the time to peak (hour); and Δt is the duration of the design storm water.



In the current study, various data sources were used including satellite imagery, soil maps, and superficial geology maps of the area. The land use/land cover map was extracted from a Landsat OLI image (15-m resolution) using a supervised classification technique. A soil map was created from the analysis of the geologic map and high-resolution satellite image. A final map was developed by a compiling of the land use/land cover map and soil map using ArcGIS 10.2 (Figure 1b). Seven different CN values were selected for the Wadi Baysh sub-catchments. CN values of 88, 82, 80, 78, 72, 69, and 63 were assigned to urban areas, igneous and metamorphic mountainous/rocky areas, sabkha areas, sedimentary rocks (limestone and sandstone rocks), agriculture areas, alluvium deposits, and sand dune areas, respectively. Eventually, weighted curve numbers for each sub-catchment (B1, B2, and B3) were calculated as 81.1, 77.1, and 70.0, respectively.





4.4. Height-Storage Reservoir Curve


In the current study, HEC-HMS was used to generate the inflow hydrographs to the three sub-basins (B1 (dam basin), B2, and B3) and to route the flow through the dam reservoir. To achieve that the reservoir characteristics were entered into the model for sub-basin B1. Based on the digital elevation model (12.5 m) and the data available for the dam characteristics, the aerial extent of the reservoir at the spillway level at a pool of ~62 m covers ~8.09 km2 and at the dam crest level (~74 m) reaches ~10.09 km2. This is shown in Figure 4a. Similarly, the dam height storage curve was extracted using the digital elevation model (12.5 m). The relationship between the dam height and reservoir volume represents one of essential inputs when dealing with dams in hydraulic and hydrological models, as shown in Figure 4b. The dead reserve, spillway level, and dam crest are shown in Figure 4b.





5. Preparation of the Hydrological Model using HEC-HMS


The hydrological model of the current study was prepared using the HEC-HMS program. This model includes several deductive methods for calculating peak discharge and runoff volume for each sub-basin. Different parameters were entered into the HEC-HMS program. The overflow structures include level and length of spillway and dam crest in the model. The bottom outlets were ignored as these will remain closed until the reservoir is required to be emptied following a flood event, according to the Ministry of Environment, Water and Agriculture requirements. The initial operation of the hydrological model was prepared. Two stages were applied in the current situation:




	(1)

	
Evaluating the hydrologic response of the three sub-basins (B1, B2, and B3) for a 100-year and 200-year rainfall return period neglecting the effect of the dam (dam is not present).




	(2)

	
Evaluating the hydrologic response with the dam presence at 100-year and 200-year rainfall return periods (for sub-basins B1, B2, and B3) and at the PMP event (for sub-basin B1). In this stage, routing through the reservoir was applied. In addition, different scenarios were analyzed to understand the impact of the reservoir on the hydraulic response in different situations (regarding sediment volume and water in the reservoir).









5.1. Stage I: No Dam Present


The peak discharge of drainage sub-basins was calculated (neglecting the dam effect). The rainfall weighted values for sub-basins were determined from the rainfall distribution maps for a 100-year and 200-year return period after the application of area reduction factor (Table 3). The results of this stage for the three basins are presented in Table 4.




5.2. Stage II: Dam and Reservoir Effect on the Hydraulic Responses


In this stage, all data required to represent the Wadi Baysh dam and reservoir within the hydrological model were inserted. This will help in estimating the current status of the flood behavior for 100-year and 200-year return periods. Before the hydrological model was run, sediment volumes and sediment heights inside the reservoir were calculated. The Baysh dam was built in 2009, but the sediment volume was estimated in the beginning of the year 2019 (which represents ten years since dam construction) to be ~14.95 Million Cubic Meters (MCM) with a sediment height of ~20.9 m from the base of the dam (Wadi level). After 20 years from the dam construction (in 2029), sediment volume and height are estimated to be ~29.9 MCM and ~28.5 m respectively; after 30 years from the dam construction (in 2039), sediment volume and height are estimated to be ~44.9 MCM and ~34.1 m respectively; after 40 years from the dam construction (in 2049), sediment volume and height are estimated to be ~59.8 MCM and ~36.6 m respectively; and after 50 years from the dam construction (in 2059), sediment volume and height are estimated to be ~74.75 MCM and ~42.5 m respectively. The hydrological model was run and the results of the different scenarios (cases) were evaluated to determine the hydraulic response of the dam and spillway (Table 5, Figure 5).



Case (1): In this case, the reservoir is assumed to be empty and the sediment volume equivalent to 10 years from the dam construction. Using the rainfall depth for return periods (100 and 200 years), the results of the hydraulic model are presented in (Table 5 and Figure 5a1,a2). In this scenario the reservoir capacity to hold the floodwater accumulated due to the fact that the possible rainstorm for the 100-year return period is adequate, while water height inside the spillway is up to ~1.7 m when the model is run with a return period of 200 years.



Case (2): In this case, the reservoir is assumed to be full to the spillway level (as shown in Figure 2b, d) and the sediment volume equivalent to 10 years from the dam construction. The results of the hydrological model for 100- and 200-year return periods are shown (Table 5 and Figure 5b1,b2). It was found that at a return period of 100 years the water height inside the spillway is up to ~5.5, while there will be a rise of water level above the base of the spillway up to ~ 6.2 m with a 200-year return period.



Case (3): In this case, the reservoir is assumed to be at the height of 47.5 m. Before it reaches this level, the water in the reservoir spills out of the reservoir through the spillway. This new reservoir level represents the level of the reservoir after the KSA authority forced the dam’s manager to discharge its water to that level (Figure 2e). The sediment volume is equivalent to 10 years from the dam construction. The reason for that is to save the dam integrity, to protect the dam body from overtopping, and to decrease the flood impact on the downstream urban and agriculture areas. In this case, the hydrological model indicated that for a 100-year return period the water height inside the spillway will reach ~3.5 m, while for a 200-year return period the height of the water within the spillway reaches ~4.5 m (Table 5 and Figure 5c1,c2).



Case (4): In this case, the reservoir is assumed to be empty and the sediment volume is equivalent to 50 years from the dam construction (the total volume of the sediment estimated to be ~74.8 Million Cubic Meters (MCM) and the height of the sediment behind the dam body will be ~42.5 m). Accordingly, by running the hydraulic model, it was found that for a 100-year return period the flood water will reach a height of ~2.8 m inside the spillway. While in the event of a 200-year return period, the water height will reach ~3.9 m inside the spillway (Table 2 and Figure 5d1,d2).



In addition, the peak discharge and runoff volume were estimated at three critical sites including critical site C1 at the spillway location, critical site C2 at the intersection of Wadi Baysh with the King Abdel-Aziz Bridge, and critical site C3 at the outlet of Wadi Baysh on the Red Sea (Figure 1c). The peak discharge and water volume at these three locations for return periods of 100 and 200 years are shown in Table 5. The results indicated that the dam reservoir would provide very adequate performance under 100-year and 200-year return periods. The height of the water inside the spillway ranges from 0 to ~5.5 m based on a 100-year return period and from ~1.7 to ~6.2 m based on a 200-year return period without any danger to the dam body. The discharge values at the critical site C1 range from 0 to ~2858 m3/s, at C2 it ranges from ~354.6 to ~3087 m3/s, and at the critical site C3 it ranges from ~372.6 to ~3104 m3/s for a 100-year return period. However, for a 200-year return period, the discharge value at the critical site C1 ranges from ~467.7 to ~3505 m3/s, at the critical site C2 it ranges from ~487.4 to ~3781 m3/s, and at the critical site C3 it ranges from ~543.2 to ~3800 m3/s.



Furthermore, evaluations of the level of water at 100- and 200-year rainfall return periods along the downstream Wadi Baysh section were done. Results of the case 2 scenario were used where the level of water above the base of the spillway is ~5.5 and ~6.2 m for 100- and 200-year return periods. A ground survey was conducted in the field and six cross sections were established (Figure 6). Observed catchment rainfall and flow data provide the basis for model calibration and validation. It was originally intended to base the model calibration on available historical rainfall and water level records for the study area. Flood inundation that previously occurred in the area (e.g., Figure 1b,e,f) was used to validate the flood inundation along each ground survey cross section (Figure 7), as well as the historical flood data that were collected from the people in the area who dwell downstream of Wadi Baysh. Our findings indicated that there is a reasonable agreement of the level of floods that happened previously with the 100-year return period floods.



The Manning Equation (6) was used to estimate the water level at 100- and 200-year return periods as shown in (Figure 7). Results indicated that the wadi section in the downstream area is heterogeneous and many tributaries are developed.


  Q =    R  2 / 3    S  1 / 2    n  A  



(10)




where Q is the peak discharge (m3/s); R is the hydraulic radius; S is the wadi slope (m/m); n is the Manning coefficient; and A is the flow cross section area (m2). Results indicated that if the wadi section is located downstream of the dam site, the urban and agriculture areas will not be impacted by the flood problems at 100- and 200-year return periods.




5.3. Maximum Rainfall Causing Flooding without the Overtopping of the Dam


Rainfall values are usually used for the Maximum Probable Precipitation (PMP) to ensure that the water is not overtopping the dam body. The PMP value must be used to protect the dam at the worst conditions. For that reason, the spillway has to be designed to discharge the flow from such storms. The weighted PMP value obtained for sub-basin (B1) is 268 mm, which indicates that the peak discharge of this PMP would be overtopping the dam body. The PMP value of sub-basin (B1) exceeds a 20,000-year return period. The Baysh dam is characterized by the presence of a large spillway located along the dam structure (10 m high and 112 m wide). It is essential to calculate the expected maximum rainfall depth that could be imposed on the dam sub-basin causing a flow from the spillway without overtopping the dam body. Three scenarios were evaluated:




	(1)

	
the reservoir is empty (no water),




	(2)

	
the reservoir is full up to the spillway level (~62 m), and




	(3)

	
the water in the reservoir is up to ~47.5 m height (lower than the spillway level).









The hydrological model was run and the results recorded for each case. For the first premise where the reservoir is empty, it was found that the rain depth will be ~172 mm, which represents a return period above 10,000 years, causing a peak discharge of ~8980 m3/s, and the runoff water is ~555.1 MCM. For the second premise, the dam reservoir is full up to the spillway level, and it was found that the rainfall depth will be ~158 mm, which represents a return period above 10,000 years, causing a peak discharge of ~8948 m3/s, and the runoff water is ~493.8 MCM. For the third premise, the dam reservoir is full up to a height of 47.5 m, and it was found that the rainfall depth will be ~168 mm, which represents a return period above 10,000-years, causing a peak discharge of ~8947 m3/s, and the runoff water is ~537.5 MCM.




5.4. Simulation of the Situation at Dam Failure, if the Reservoir is Full


In the current section, dam failure due to overtopping was simulated. Many urban and agricultural areas are located downstream of the dam site, as shown in Figure 1b,c and 6. To evaluate and mitigate the severe impact of flood water on urban and agricultural areas at the dam failure time, an inundation model was established using the Simplified Dam Break (SMPDBK) model of WMS. This was carried out using the intersection of water elevations computed from the result of the SMPDBK model and the ground elevations. Dam failure due to an unprecedented flood event will have enormous potential threats to infrastructure and human life in this area. DEM 10-m spatial resolution was used to build the SMPDBK model. The cross sections that were extracted from the DEM 10-m and used to established flood inundation areas using the SMPDBK model were calibrated and validated using ground survey cross sections (Figure 6 and Figure 7). It was found that there is a good match between the cross sections developed from the DEM and ground survey cross sections. That gives good confidence in the results of the SMPDBK model. The wadi cross section width was measured as follows: 133 m and 138 m for CS1, 417 m and 430 m for CS2, 714 m and 718 m for CS3, 1426 m and 1538 m for CS4, 1393 m and 1454 m for CS5, and 2520 m and 2542 m for CS6 for 100- and 200-year return period floods respectively (Figure 7). Furthermore, the depth of water along the ground survey sections were evaluated as follows: for CS1, water depths are 5.9 m and 6.5 m; for CS2 water depths are 3.5 m and 3.8 m; for CS3 water depths are 2.6 m and 2.8 m; for CS4 water depths are 2.1 m and 2.3 m; for CS5 water depths are 2.1 m and 2.3 m; and for CS6 water depths are 1.7 m and 1.8 m for 100- and 200-year return period floods respectively (Figure 7). Results indicated that water depth increased along the vicinity of the dam site where the wadi width is small and water depth decreased westward toward the Red Sea coast due to the increasing width of the Wadi Baysh flood plain. The inundation map was prepared with the SMPDBK model. The results indicate that there is a high risk to the inundated flood zone. The model produces the water elevation along the inundated zone, the depth of inundation, and the inundation hazard categories along the downstream zone (Figure 8a–c). The results of the inundation map show a robust geographic correlation with historical flash flood events in the study area (data records of inundated areas from data collected by the civil defense agency and from local people in the area, from before dam construction). Furthermore, the model was calibrated and validated using real observed data. Water level along the inundation zone ranges from 96 to 3.8 m above sea level (Figure 8a). The inundation model covers a vast area along the downstream floodplain (see Figure 8b,c). The inundated hazard map indicates water depth ranges from 0 to 16.8 m (Figure 8b). It could be classified into six main classes as follows: less than 1 m (very low hazard), 1 to 2 m (low hazard), 2 to 3 m (moderate hazard), 3 to 6 m (high hazard), and more than 6 m (very high hazard) (Figure 8c). This hazard map was carried out in relation to the urban areas along the study area where most of the buildings are one story (height up to 3 m) and some are two story buildings (up to 6 m height). Due to the presence of these buildings, there is ability for people to be safe if they are above the roof of the first story buildings. However, this hazard zone map could be deadly if the water is above 1 m for people on farms and driving vehicles.





6. Discussion and Conclusions


Recently, the Kingdom of Saudi Arabia has faced extraordinary rainfall (frequency and intensity) events. Reliable prediction of runoff and establishing different hydrologic and hydraulic models are very crucial for prediction of flooding events for critical wadis. The development of a hydraulic model for the downstream areas of dam sites is an essential task for decision makers and planners to prevent urban and agricultural areas from experiencing the adverse impact of floods. The current HEC-HMS model for Wadi Baysh with different scenarios indicated that the dam can hold and discharge the water flow under different situations at rainfall return periods of 100 and 200 years. Water depth in the dam spillway will be between 0 and ~5.5 m for 100 years and between ~1.7 and ~6.2 m for 200 years at different scenarios with no overtopping of the dam. The peak discharge at the three critical sites (C1, C2, and C3) was estimated showing that the maximum discharge is ~2858 m3/s at critical site C1 (spillway location), ~3087 m3/s at critical site C2, and ~3104 m3/s at critical site C3 for a 100-year return period. The maximum discharge is ~3505 m3/s at critical site C1, ~3781 m3/s at critical site C2, and ~3800 m3/s at crucial site C3 for a 200-year return period. Accordingly, long-term precautionary measures need to be considered for a return period of 200 years. Rehabilitation of the wadi needs to be implemented for the first section from critical site C1 to critical site C2 (at the intersection of Wadi Baysh with the King Abdel-Aziz bridge) to accommodate a discharge of ~3750 m3/s followed by a discharge of ~3800 m3/s from critical site C2 to critical site C3 (at the outlet of Wadi Baysh on the Red Sea). In addition, the results showed that the dam reservoir could absorb a rainstorm up to ~172 mm occurring above sub-basin B1 if the reservoir is empty. However, the maximum water flow of the dam spillway will be ~8950 m3/s when the rainfall above Wadi Baysh sub-basin B1 is ~158 mm, where the water level in the dam reservoir is initially up to the spillway level.



The inundated model using SMPDBK indicated that a catastrophic problem could occur at the time of dam failure where the water depth could reach 16.75 m height above ground level in some areas. Accordingly, a vulnerability evaluation of the downstream portion of the Wadi Baysh dam to floods at dam failure time is very essential. Many urban and agricultural areas will be under high risk of flooding. Model verification has been done due to historical flash flood events and the ground survey cross sections. A disaster and emergency management program needs to be implemented in the KSA to prevent massive loss of lives. The model results showed that flood inundation is unequivocally likely to impact agricultural and urban areas, as well as the infrastructure along the downstream area. The results of this model will have great benefit to the decision makers, policymakers, civil defense, and urban planners to support and help them to understand the extent of the inundated areas and to make the right decision. Modelling results also generate crucial information needed to establish a mitigation strategy to avert hazards associated with flash floods due to dam failure. To control and reduce the effect of flash floods in this area due to potential dam failure, several mitigation measures can be applied such as (i) establishing a flood prevention program, (ii) conducting intensive dam inspection programs, (iii) designing adequate drainage systems for the area downstream of the dam site, (iv) establishing an effective warning system that could inform people during extreme events to evacuate and (v) controlling and managing the water in the dam reservoir before and during the rainy season.
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Figure 1. Showing; (a) study area location in the KSA map; (b) a combination of land use/land cover and soil maps of the Wadi Baysh catchment area; (c) drainage networks and sub-catchments of Wadi Baysh (B1, B2, and B3); (d) dam location and a portion of the dam’s reservoir. Note that the location of villages (urban areas) along the downstream of the dam site are shown in Figure 1b,c, and the critical sites are shown as C1, C2, and C3 in Figure 1c. 
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Figure 2. Photographs showing; (a) dam is concrete, (b) inundation of agriculture areas during the flood, (c) reservoir capacity reaching the spillway, (d) water flow over the spillway, (e) flood water invading the villages, (f) floods rendering the roads and highways impassible, and (g) water level change in the reservoir due to continuous discharge of water from reservoir (according to the KSA authority request). 
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Figure 3. Presenting; (a) rainfall stations in and around Wadi Baysh basin, (b–d) rainfall depth distribution maps of 100-year and 200-year return periods and PMP respectively. 






Figure 3. Presenting; (a) rainfall stations in and around Wadi Baysh basin, (b–d) rainfall depth distribution maps of 100-year and 200-year return periods and PMP respectively.



[image: Sustainability 12 01069 g003]







[image: Sustainability 12 01069 g004 550] 





Figure 4. Showing; (a) outlines of the dam crest and spillway water levels of the Wadi Baysh reservoir, (b) dam height reservoir volume curve. 
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Figure 5. Flood hydrographs of Wadi Baysh dam for 100- and 200-year return periods; (a1, a2) dam empty and sediment of 10 years; (b1, b2) dam reservoir full and same sediment; (c1, c2) dam reservoir height 47.5 m and same sediment; (d1, d2) dam reservoir empty and sediment of 50 years. Note that B1 is the sub-basin located upstream of the dam site. 
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Figure 6. Locations of cross sections collected from the field. 
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Figure 7. Ground survey results showing: (a–l) cross sections used to verify the Simplified Dam Break model (SMPDBK) and to find inundation at 100 and 200 years. 
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Figure 8. SMPDBK model results showing, (a) water elevation across the inundated zone, (b) water depth along the inundated section of the downstream area, (c) inundation hazard map along the study area. 
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Table 1. Morphometric characteristics of Wadi Baysh sub-basins.
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	Sub-Basin
	Sub-Basin Area (km2)
	Sub-Basin Length (km)
	Maximum Flow Distance (m)
	Sub-Basin Slope (m/m)
	Maximum Flow Distance Slope (m/m)





	B1
	4744.6
	87.42
	157.12
	0.2859
	0.0150



	B2
	548.5
	41.91
	54.28
	0.0699
	0.0347



	B3
	450.7
	46.23
	53.27
	0.0085
	0.0033
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Table 2. Rainfall station characteristics including location, recording period, maximum values in a year, values of 100- and 200-year return period, probability method, and PMP values.
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	Station Code
	Longitude
	Latitude
	Start/End Recording (Year)
	No. of Records (Year)
	Max. Daily Value (date/rain mm)
	Max. Yearly Value (Year/ rain mm)
	100Y (mm)
	200Y (mm)
	Probability Method
	PMP (mm)





	A004
	43°08′30″
	18°00′51″
	1981/2017
	29
	3 February 1983/119
	1982/283
	113.8
	137.1
	LN (mom)
	-



	A104
	43°21′57″
	17°56′01″
	1966/2017
	48
	7 March 1999/82
	1997/566
	87.8
	97.4
	G (mowm)
	302.8



	A121
	42°45′ 58″
	17°59′55″
	1965/2015
	51
	10 February 1968/99
	1972/693.8
	93.1
	100.0
	GEV (mowm)
	323.3



	N103
	43°31′31″
	17°39′37″
	1966/2016
	50
	25 March 1974/130.5
	1992/317.1
	113.4
	132.8
	GEV (mowm)
	361.7



	SA002
	42°39′10″
	17°09′25″
	1965/2018
	48
	13 April 2016/96
	2016/217
	81.4
	90.7
	G (mowm)
	298.0



	SA102
	42°13′14″
	17°43′32″
	1966/2005
	39
	29 July 1988/68
	1979/192.9
	70.6
	74.9
	N (mowm)
	309.2



	SA106
	42°32′16″
	17°22′54″
	1967/2018
	44
	13 April 2016/84
	1967/397
	88.9
	95.6
	GEV (mowm)
	321.7



	SA110
	43°06′21″
	17°16′01″
	1960/2017
	55
	27 November 2008/84
	1995/1041.5
	90.1
	93.9
	GEV (mowm)
	323.0



	SA125
	42°26′32″
	17°08′18″
	1967/2018
	49
	13 April 2004/66.4
	1997/245.5
	72.0
	78.6
	GEV (mowm)
	275.9



	SA126
	42°53′15″
	17°26′26″
	1966/2017
	52
	19 February 1968/96
	1978/1404
	98.5
	105.0
	GEV (mowm)
	358.4



	SA140
	43°03′07″
	17°16′40″
	1967/2018
	45
	20 June 1970/99
	2006/1175.7
	101.2
	110.3
	G (mowm)
	304.6



	SA145
	42°47′40″
	17°37′06″
	1966/2017
	43
	5 December 1972/99
	1972/1441.9
	94.6
	99.7
	N (mowm)
	-



	SA204
	42°36′45″
	17°34′21″
	1979/2012
	20
	8 August 2003/97.5
	2005/327.7
	97.6
	107.9
	G (mowm)
	330.3







Max. = maximum; LN (mom)= LogNormal (method of moments); G (mowm)= Gumbel (method of w. moments); GEV (mowm) = GEV (method of w. moments); N (mowm) = Normal (method of w. moments); PMP = Probable Maximum Precipitation.
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Table 3. Weighted rainfall depth for each sub-basin extracted from rainfall distribution maps (100- and 200-year return period and PMP), the areal reduction factor values of different methods, and final weighted rainfall depth after applying the area reduction factor values (Equation (1), Alexander method).
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Sub-Basin

	
Sub-Basin

Area (km2)

	
Weighted Rainfall Depth (mm)

	
ARF Value According to Various Methods

	
Rainfall Depth After Using (ARF) (mm)




	
100 Year

	
200 Year

	
PMP

	
Riyad Standard (%)

	
Alexander (%)

	
100 Year

	
200 Year

	
PMP






	
B1

	
4744.6

	
100.4

	
111.8

	
333.3

	
69.6

	
79.8

	
80.2

	
89.3

	
266.1




	
B2

	
548.5

	
94.7

	
102.8

	
-

	
87.9

	
87.7

	
83.0

	
90.1

	
-




	
B3

	
450.7

	
80.4

	
87.4

	
-

	
89.6

	
88.3

	
71.0

	
77.2

	
-
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Table 4. Flood results of different drainage basins (no dam effect).
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Sub-Basin

	
Lag Time (Hour)

	
Peak Discharge (m3/s)

	
Flood Volume x 1000 m3




	
100 Year

	
200 Year

	
100 Year

	
200 Year






	
B1

	
8.5

	
3465

	
4176

	
174,066

	
208,657




	
B2

	
8.3

	
355

	
414

	
17,708

	
20,549




	
B3

	
28.6

	
49

	
60

	
6691

	
8438
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Table 5. Results of different scenarios to describe the dam, reservoir, and spillway responses, dam crest height 74m, and spillway level height 62m.
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Case No.

	
Return Period

	
Sediment Volume

	
Total Reservoir Volume *

	
Maximum Water Height

	
Water Depth in the Spillway

	
Critical Site (1)

	
Critical Site (2)

	
Critical Site (3)




	
Year

	
(* 1000 m3)

	
(* 1000 m3)

	
(m)

	
(m)

	
Q (m3/s)

	
V (m3)

	
Q (m3/s)

	
V (m3)

	
Q (m3/s)

	
V (m3)






	
Case (1)

	
100

	
14,950

	
14,950

	
61.4

	
0.0

	
0.0

	
0.0

	
354.6

	
17,708

	
372.6

	
24,586




	
200

	
14,950

	
14,950

	
63.7

	
1.7

	
467.7

	
29,548

	
487.4

	
51,235

	
543.2

	
59,413




	
Case (2)

	
100

	
14,950

	
192,000

	
67.5

	
5.5

	
2,858

	
173,134

	
3,087

	
190,843

	
3,104

	
197,630




	
200

	
14,950

	
192,000

	
68.2

	
6.2

	
3,505

	
207,722

	
3,781

	
228,275

	
3,800

	
236,563




	
Case (3)

	
100

	
14,950

	
98,445

	
65.5

	
3.5

	
1,403

	
79,580

	
1,495

	
97,329

	
1,532

	
103,969




	
200

	
14,950

	
98,445

	
66.5

	
4.5

	
2,088

	
114,169

	
2,238

	
134,775

	
2,277

	
142,887




	
Case (4)

	
100

	
74,750

	
74,750

	
64.8

	
2.8

	
955

	
55,885

	
1,008

	
73,622

	
1,051

	
80,286




	
200

	
74,750

	
74,750

	
65.9

	
3.9

	
1,646

	
90,473

	
1,753

	
111,070

	
1,798

	
119,203








* Total reservoir volume means the volume before each flood event.
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