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Abstract

:

Reservoir sedimentation reduces the gross storage capacity of dams and also negatively impacts turbine functioning, posing a danger to turbine inlets. When the sediment delta approaches the dam, further concerns arise regarding sediments passing through turbine intakes, blades abrasion due to increased silt/sand concentration, choking of outlets, and dam safety. Thus, slowing down the delta advance rate is a worthy goal from a dam manager’s viewpoint. These problems can be solved through a flexible reservoir operation strategy that prioritize sediment deposition further away from the dam face. As a case study, the Mangla Reservoir in Pakistan is selected to elaborate the operational strategy. The methodology rests upon usage of a 1D sediment transport model to quantify the impact of different reservoir operating strategies on sedimentation. Further, in order to assess the long-term effect of a changing climate, a global climate model under representative concentration pathways scenarios 4.5 and 8.5 for the 21st century is used. The reduction of uncertainty in the suspended sediments concentration is achieved by employing an artificial neural networking technique. Moreover, a sensitivity analysis focused on estimating the impact of various parameters on sediment transport modelling was conducted. The results show that a gradual increase in the reservoir minimum operating level slows down the delta movement rate and the bed level close to the dam. However, it may compromise the downstream irrigation demand during periods of high water demand. The findings may help the reservoir managers to improve the reservoir operation rules and ultimately support the objective of a sustainable reservoir use for the societal benefit.
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1. Introduction


Climate change has impacted the environment in many ways, and today, considerable attention is being paid to the hydrological impact of climate change, and more specifically, the evaluation of the potential impacts of climate change on future water availability and extreme events [1,2]. An important corollary of this focus is the review of reservoir operational strategies and water distribution policies under climate change scenarios. In this regard, an integrated approach will be used to propose the best doable actions and policies to cope with potential climate changes.



Reservoirs plays an important role in fulfilling the water demands of a growing world population. However, its impoundment leads to delta formation due to reduced sediment transport capacity and faster deposition rate [3]. The result is the depletion of the reservoir storage volume. According to an estimate by White [4], worldwide gross storage capacity of reservoirs has declined by about one percent annually due to sedimentation. Besides, sediment deposition in narrow channels increases the probability of flooding in the riparian areas upstream of the reservoir. Additionally, water released from a reservoir exerts a key influence on the downstream river morphology, sediment balance, and changes in the ecological properties of the river. It has been found that the reservoir storage loss due to sediment deposition is one of the key impediments in sustainable use of water resources at existing or in future reservoir management [5].



The useful life span of a reservoir is generally less than 100 years, but in some cases, it filled up much earlier than its designed life [6]. For instance, the well-known Sanmenxia Dam on the Yellow River in China faced severe deposition. It had to be reconstructed to provide an additional outlet to increase the sediment flushing capacity [5]. Similarly, the Tarbela Reservoir in Pakistan lost about one third of its storage capacity over 40 years, and the Warsak Reservoir in Pakistan almost filled with sediments after just 30 years of operation [7]. The Girba Reservoir in Sudan lost more than 53% of its storage capacity in 40 years of operation due to sedimentation [8].



There are a number of sediment removal techniques, e.g., dry excavation, hydraulic dredging, sluicing, and siphoning [4]. Flushing is a technique, in which the sediment-laden flows are passed through a reservoir downstream during the flood season, as well as re-suspending and removing the already deposited sediment [9]. However, all these possible solutions consume large proportions of water that will not be available for the intended purposes of the reservoir; similarly, drawing down the reservoir level during operation may cause the problems to shift to other regions. Further ways to enhance reservoir life by managing the incoming sediment load outside of the reservoir include the decrease of incoming sediment load either by modified watershed management, upstream sediment trapping, controlling soil erosion, or bypassing the turbid flows [10].



Thus, reservoir sedimentation reduces the useful life of a dam and leads to a failure to discharge the intended functions for which the dam was built in the first place, i.e., provision of irrigation water, municipal water supply, production of hydropower, and navigation [11]. Further, the sediment deposition may cause damage to the dam structure by choking the outlets and threatening the dam’s safety [12,13].



Reservoir operation significantly affects the reservoir sediment dynamics. Normally the maximum proportion of sediment load enters the reservoir during the high flow events. Most of the incoming sediments are deposited in a reservoir during such events if a high reservoir level is maintained. On the other hand, if the reservoir water level has been kept low, a large quantity of incoming sediments travels through the reservoir and often leads to degradation of already deposited sediments [14,15]. Rehman (2018) [14] and Petkovsek (2014) [15] estimated that sediment delta advancement is reduced by increasing the minimum reservoir operating level, but it also decreases the storage volume of the reservoir and vice versa. It is therefore clear that the reservoir operation policy has a critical influence on the life span of the reservoir.



Generally, numerical models have been used to analyze and quantify the impact of different measures adopted for sediment management. Normally, 1D models were often applied to simulate long-term sedimentation because of its computational efficiency in comparison to 2D/3D models [16]. The 1D models can give better performance if the reservoir has a broader width, as well as varying lateral forces of hydraulic and morphodynamics are not dominant [17]. However, 1D models cannot predict bed levels accurately on the channel bends and near to the hydraulic structures where the helical flow is formed due to the secondary currents, which can only be simulated by 3D flow and sediment models [18]. In this study, a well-known sediment model, HEC-RAS [19], developed by the Hydrological Engineering Center, USA, is used to simulate the long-term sedimentation trend in the reservoir.



This paper mainly focuses on different operational strategies for reservoirs to manage sediments. As a case study, we have selected the Mangla Reservoir in northern Pakistan. A few studies have been performed in the Jhelum River Basin (JRB) and its tributaries regarding the change in future precipitation and flows under the impact of climate change [20,21,22]. Further, only three studies have been carried out regarding incoming suspended sediment yield into the Mangla Reservoir [1,23,24]. So far, no studies have been conducted to find the potential impacts of climate change with different reservoir operating strategies on sedimentation of the Mangla Reservoir.



The sedimentation in the Mangla Reservoir is a big challenge for its management, similar to any other large reservoirs. The chief objective of the Mangla Reservoir is to supply irrigation water to an extensive network of canals in the Punjab province, the so-called food basket of Pakistan. In order to fulfill this objective, the flows of the Jhelum River and its tributaries are stored in the reservoir up to the conservation level during the high flow period. Moreover, water is released through the reservoir down to the minimal operating level to fulfill the downstream irrigation water demand. When the incoming flows are high and the reservoir level is low, then previously settled sediments are reworked and are moved towards the dam outlets [25]. However, this is not without pitfalls, as it might affect the power production, which is a secondary but a valuable objective for the power-starved economy of Pakistan. Thus, the operating level stands out as a key parameter that critically influences the reservoir’s sustainability and the yield from irrigation flows and hydroelectricity from the reservoir. Clearly, the operational policy should be such as to maximize the yield without jeopardizing the longevity of the reservoir. The objective of the present study is to explore the risk to the Mangla Dam’s future reservoir operations under a changing climate by devising a set of plausible scenarios (operation rules) and examining its effect by using 1D modeling.



In this research, several basic theoretical operational rules were developed and analyzed to assess the reservoir sedimentation in a generalized way. These rules should be of value to dams having no special flushing outlets for sediments, as numerous reservoirs commissioned during 1960s to 1970s had no such facilities. To analyze the future sedimentation in the reservoir, projected flows that derived from the Global Climate Model (GCM) under Representative Concentration Pathways (RCP) scenarios 4.5 and 8.5 (projected rise in mean temperature 1.10–2.60 °C under RCP4.5 and 2.60–4.80 °C under RCP8.5) for 21st century were used [26]. Similarly, missing and future suspended sediments predicted by the artificial neural networking technique were used as the boundary conditions in the 1D sediment model to calculate the bed level changes and sediment delta advancement rate with greater precision. The outcome of this study will help to improve the reservoir operation rules related to reservoir sedimentation and ultimately support the mission of a sustainable reservoir use for societal benefit.




2. Study Area


2.1. Description of the Study Area


Mangla Dam is a multifunction dam situated on Jhelum River in Mirpur, Azad Kashmir, Pakistan. The dam was constructed in 1967 and is located about 108 km south-east from Pakistan’s capital, Islamabad. The total catchment area of the Jhelum River Basin (JRB) up to the dam site is 33,397 km2, while the river length is about 725 km. The dam is geographically located at 33°00′ N–35°12′ N and longitudes of 73°07′ E–75°40′ E (Figure 1). A majority of the catchment area consists of hills and rugged mountains with elevations varying from 272 m above sea level (a.s.l.) to 6290 m a.s.l. The northern part of the basin is covered by snowcapped mountains. About 45% of the watershed areas of JRB is found in Pakistan administered Kashmir, while the remaining 55% lies in Indian-administered Kashmir [27]. The slope of the JRB watershed is distributed into three ranges: undulating lands: 0–3%, steep slopes: 8–30%, and mountainous landL more than 30% [21]. A major part of the watershed consists of mountainous land and steep slopes.



The Jhelum River emerges from the Verinag Spring that lies amid the Pir Panjal and Himalayan mountain ranges in the state of Jammu and Kashmir. Two main tributaries of the Jhelum River are the Kunhar and Neelum Rivers that confluence the main stream at Kohala Bridge and Muzaffarabad, respectively. The Mangla Reservoir is fed by two perennial rivers (Jhelum and Poonch) and one non-perennial river (Kanshi). The Jhelum River is the major tributary of the Mangla Reservoir, and the Kanshi, Poonch, Khad, and Jari are the minor tributaries. The Surface Water Hydrology (SWH) Department has installed gauging stations to measure the daily runoff and sediment loads at different sites of the Jhelum, Poonch, and Kanshi Rivers at Kohala and Azad Pattan, Kotli, and Palote, respectively.



The dam was constructed to store the surplus water of JRB and, primarily, supply the water for irrigation during the low flow period i.e., October–March. Its secondary purpose is to generate hydro-electricity from the outflows and also acts to control the floods during the months of monsoon (July–September) [28]. Its benefits to Pakistan’s agriculture-based economy are immense, as it irrigates 6 million hectare area of land and contributes about 6% of the total power production of the country with an installed capacity of 1000 MW [28].



The Mangla Reservoir has a total initial gross storage capacity (GSC) of 7.25 billion cubic meters (BCM) at the normal conservation level (NCL) of 366.35 m a.s.l., while it has a dead storage capacity of 0.66 BCM at the previous minimum operating level (MOL) of 316.99 m a.s.l. Between the years 1967–2010, the reservoir lost storage capacity equal to 1.59 BCM (21.93%) owing to reservoir siltation. To enhance the impounding capacity and raise the hydropower potential of Mangla dam, a dam raising Project in 2012 was undertaken, which led to an increase in dam height by 9 m (from 366.35 m a.s.l. to 378.543 m a.s.l.). Thus, the net enhanced storage capacity of the upraised Mangla Dam is 3.451 BCM with a GSC of 9.11 BCM at the updated conservation level. The additional 3.451 BCM of water that is greater than the lost storage capacity during 1967–2010 will also produce an additional 644 million energy units annually and irrigate 0.53 million hectares of land. Moreover, the raised Mangla Dam would reduce the flood menace by decreasing the magnitude of flood as well as fulfilling the increasing irrigation demand. Reservoir levels and corresponding GSC are shown in Figure 2.



The total inflow of Mangla Reservoir is coming through three main rivers i.e., Jhelum, Poonch, and Kanshi and their contribution to total annual inflow of reservoir is 83%, 16%, and 1% respectively. The mean annual runoff from 1979–2017 of the Jhelum River at Azad Pattan station is 833 m3/s, Poonch River at Kotli Station is 133 m3/s and Kanshi River at Palote station is 6.5 m3/s (Figure 1).



Seventy five percent of the total inflow in Mangla reservoir arrives during the March to August period, mostly due to monsoon rainfall with a small snowmelt component. Thus, river runoff starts to increase from March–April onward, and peak flows are observed in May–July due to superimposed of snowmelt and monsoon rainfall (June–August) [21]. The mean monthly discharge of the Jhelum River varies between 309 m3/s and 1929 m3/s at the Mangla Dam. The Jhelum River is known to be a flood-prone river, and the September 2014 flood was extremely severe, with a maximum flow of 17,950 m3/s recorded at Mangla [29].



A perusal of the data from 1979 to 2010 showed that the precipitation is spatially varying over the Mangla watershed and heavy precipitation occurred in northern part of the basin. Whereas in the mean annual precipitation in the southern and northern part of the Mangla Basin is 846 mm and 1893 mm, respectively. About 1196 mm avg. annual precipitation from 1961–2012 is observed in the Mangla Basin. Almost 50% of the precipitation occurs in the northern part of the basin during December–March in the form of snow [21]. Apart from the rain and snowfall, glaciers are another source of river flow. The average annual minimum and maximum temperatures of the Mangla Basin are 0.3 °C in December–January and 29.5 °C in June–July, respectively [1].




2.2. Sources of Sediment in the Jhelum River Basin


The catchment area of the Jhelum, Poonch, Khad, and Kanshi Rivers above Mangla being mountainous is subjected to weathering due to severe climatic condition. The major causes of sediment mobilization are deforestation, developments in the area, earthquakes, and heavy rainfall, which ultimately finds its way into the rivers [1,24].



Since 1967 to 2012, the Mangla Reservoir lost 22.15% of its GSC at a conservation level of 366.36 m a.s.l. due to the natural phenomenon of reservoir siltation. In the period after the dam raising in 2012, it lost 15.45% of total capacity until 2017, with reference to the conservation level 378.56 m a.s.l. The Mangla Reservoir has been losing its capacity at the rate of 0.31% per annum. The average sediment deposition during 1967–2017 was 0.03 BCM per annum, and the total sediment deposition was 1.67 BCM. Reservoir sedimentation not only leads to a dwindled impounding capacity of reservoir but also affects the long-term reservoir operational pattern.



Since 1960, the Water & Power Development Authority, Pakistan (WAPDA) has been running different watershed management programs in the Jhelum River Basin to slow down the sediment inflow into the channels and to control soil erosion. Numerous tasks have been performed to improve the Mangla watershed by planting more than 133 million trees along with the construction of earthen and stone structures measuring 3.45 Mm3 in the form of retaining walls and check dams, and improving cultivated land of about 34 km2, with provision of special training to farmers [30]. Consequently, the sediment load has declined to 33.6 MCM/annum from 51.8 MCM/annum, as predicted by the Mangla Dam Consultant during 1950–1960.




2.3. Impact of Sediments on Turbines


As sediment delta moves toward the dam, more silt and sand particles are carried with the flow that pass through the turbines. During high flood events, the sediment quantity can dramatically increase. This carries the risk of abrasion caused to turbine blades as well as the choking of the turbine intake tunnels.



In 1992, an exceptionally high flood peak of 30,865 m3/s passed through the reservoir, which triggered the deposited sediment movement towards the dam. In this flood event, both the main spillway and the power tunnels were operational. The measured sediment concentrations passing through the outlet structures were in excess of 10% by weight for over 100 h, with peak concentrations being three times that value [31]. Although the turbines remained unscathed, the cooling system was choked with sediment and subsequently had to be shut-off for cleaning. Further, this event prompted the authorities to close the power tunnels during future high floods.



The advancing delta could increase the risk of foreset slumping under earthquake loading as well as due to the effect of changes in operating rules. Thus, the delta movement has serious consequences for a safe and efficient functioning of the dam as well as on its stability. The delta movement is dependent on the sediment deposition trend and on the dam regulation.





3. Data Description


3.1. Reservoir Geometric Data


The geometric data describes the physical characteristics of the shape and size of the river and reservoir. The Mangla Reservoir has a complex geometry and is divided into six pockets, namely, the main Mangla (MM), lower Jhelum (LJ), upper Jhelum (UJ), Poonch, Kanshi, and Khad pockets (Figure 3). The Jhelum River is the main source of the Mangla Reservoir, which is considered as the main stem composed of upper Jhelum, lower Jhelum, and main Mangla pockets.



A total of 136 cross sections measured by the hydrographic survey division of WAPDA, for the year 2005 were used to build the reservoir geometry in the numerical model. The distribution of the number of cross sections for different pockets shows that 88 cross sections are for the main stem of Jhelum River, 17 for Kanshi pocket, 16 for the Poonch pocket, and 15 for the Khad and Jari pocket. A schematic diagram showing the Jhelum River and its tributaries along with the location of cross sections representing river geometry in the HEC-RAS model is presented in Figure 3.




3.2. River Flow Data


Daily gauged river flow data from different gauging stations of WAPDA were used to set up the flow and sediment transport model in HEC-RAS. The river gauging stations for the Jhelum, Kanshi, and Poonch Rivers are located at Azad Pattan, Palote, and at Kotli, respectively. The flow data related to years 2005–2017 was used for the modeling.



To envisage the impact of climate change on sedimentation at the Mangla Dam, future projected hydrological data (2018–2100) of all the tributaries of the Mangla Reservoir under RCP4.5 and RCP8.5 by Naeem et al. [22,32] were used in the numerical model as the upstream boundary condition. Naeem et al. [22,32] conducted a study on the Mangla watershed and explored the impacts of climate change on Mangla Dam hydrology using the soil and water assessment tool (SWAT). For assessing the climate change impacts on flow regimes for three future periods (2011–2040, 2041–2070, and 2071–2100), three Global Circulation Models (GCMs) (CanESM2, BCC-CSM1-1, and MICROC5), and two representative concentration pathways (RCP4.5 and RCP8.5) with two downscaling methods (Statistical Downscaling Model (SDSM) and Long Ashton Research Station Weather Generator (LARS-WG)). According to his statistical analysis results, BCC-CSM1-1 with SDSM performed better as compared to other models for the Mangla Dam watershed. Under RCP4.5 and RCP8.5, percent increase in observed discharges is shown in Figure 4.




3.3. Sediment Data


The sediment yield can be estimated by correlating observed sediment load and water discharge at the time of measurement and applying the same relation to the daily flows of a year, thereby estimating the sediment load at different gauging stations of Mangla reservoir. In 1979, the Surface Water Hydrology Project (SWHP) of WAPDA started discharge measurements along with suspended sediment concentration (SSC) at the Azad Pattan gauging station of Jhelum River, Kotli gauging station of Poonch River from 1960, and similarly at Palote station of Kanshi River. Since then, daily river flow data and occasional SSC measurements at the gauging stations were recorded to ultimately estimate the sediment inflow into the Mangla Reservoir. Furthermore, to account for the unmeasured bed load, the practice followed by the dam designers has been to take it as equal to 10% of the suspended sediment load (SS) and adding it to the latter to get the total sediment load for the Mangla Reservoir [33,34].



The SSC data is recorded in units of parts per million (ppm). The breakup of the SSC data expresses the percentage of its three constituents i.e., sand, silt, and clay. The average percentage of clay, silt and sand in the SS at Azad Pattan gauging station is 26%, 62%, and 12%; that at Kotli gauging station is 27%, 65%, and 8%; and at Palote gauging station is 32%, 58%, and 10%, respectively. Figure 5 presents the SSC for the Jhelum River at the Azad Pattan gauging station of Jhelum River for different flows. From the pit sample, the riverbed gradation curve for different Mangla Reservoir pockets is shown in Figure 6.



The data related to sediment concentrations along with water discharges are collected according to United States Geological Survey (USGS) specifications for random days throughout the year at controlled section of the river [35,36,37]. Therefore, to predict the missing sediment data, researchers employed different methods i.e., the conventional sediment rating curves (SRCs) method [38] and the artificial neural networking (ANN) technique [39].



It has been observed in several reservoir sedimentation studies that missing and future sediment inflows predicted by SRCs are often in error by as much as 50% [40,41].



In the current study, both methods were applied to predict the missing sediment load, and then statistical analysis were employed to determine the best estimation technique. Thereafter, predicted data from leading technique was used in numerical modeling to calibrate and perform future analysis estimation.




3.4. Reservoir Operational Levels


Daily reservoir level data measured by the Mangla Dam Organization (MDO) of WAPDA for the duration of 2005–2017 (18 years) was employed as a downstream boundary condition to calibrate the numerical model. For the future prediction after year 2017, the reservoir levels have been derived through various management scenarios of the reservoir operational rules.



Seasonal variations in river flows along with demands for irrigation, hydroelectric power generation, and flood control reservoir operation combine to create a reservoir operating rules curve for filling and drawing down the reservoir [42].



Incoming water discharges and reservoir operation (water level and outflow) both affect the reservoir sediment dynamics. As the future pool levels are not known at the dam, various scenarios have to be developed and simulated to establish the uncertainties inherent in predictions of future trends. It is surmised that the future reservoir operation levels have a greater impact on reservoir sedimentation than the water inflow time series [14,15].



The reservoir operational levels at the dam site follow an annual fill and drawdown cycle: the water level starts to increase in April, reaches a maximum during the months of August and September, and then drop, attaining a minimum level in the month of March (Figure 7).



Generalized reservoir-operating rule curves have been proposed to analyze the reservoir operational impact on reservoir sedimentation and its movement (Figure 8). These curves represent the minimum and maximum level along with their duration. The curves depict a linear behavior, which indicates the filling of reservoir and fall and corresponds to maximum outflows, respectively. This approach is followed in engineering studies that treat reservoir sedimentation [14,15,43].



This paper analyzes five feasible scenarios (S1–S5) with the change in minimum operation level (MOL) for up-to year 2065. For the first (S1), second (S2), third (S3), and fourth scenarios (S4), the MOL was kept at 320 m a.s.l., 323 m a.s.l., 326 m a.s.l., and 329 m a.s.l., respectively, for the next 58 years from year 2017 onward, as shown in Figure 8. Further, the fifth scenario (S5), envisaged an increase of 0.75 m in MOL of every year starting from 320 m a.s.l. to 329 m a.s.l. for next 12 year, then MOL remained fixed at 329 m a.s.l. for the remainder of the duration up to the year 2065. In practical terms, the above strategies are a measure to reduce the rate of sediment delta movement towards the dam face.



The aforementioned reservoir operating scenarios are formulated based on the past pool level fluctuations in a wet and dry year depending upon the observed irrigation demand since its upraising and Mangla Reservoir operating rule curves.





4. Methodology


4.1. Statistical Measures for Model Performance Evaluation


The goodness-of-fit measures applied to assess various simulations showing different selections of parameters are Nash–Sutcliffe efficiency (NSE), coefficient of determination (R2), root mean square error (RMSE), and percent bias (PBIAS) [44,45]. The NSE exhibits how good the observed plot fits the simulated plot and R2 defines the degree of collinearity between observed and simulated data, i.e., the proportion of the variance. Both NSE and R2 lies between 0–1, with higher values showing less error, and values larger than 0.5 are normally considered acceptable. RMSE is a standard method to calculate the error of a model in forecasting quantitative data. PBIAS estimate the mean tendency of the computed data to be greater or lesser than observed. The optimal value of PBIAS is 0, while values falling in between ±15% are considered acceptable. Positive and negative values indicate the model overestimation and underestimation, respectively. The above-cited parameters were calculated by the following equations:
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  PBIAS   =   100 ×  (      ∑   i = 1  n   (   S i  −  O i   )      ∑   i = 1  n   O i     )  ,  



(4)




where S is the simulated value, O is the observed value at each cross section, n is the number of observed data entries, and avg is the average of the total values.




4.2. Missing and Future Sediment Prediction Techniques


4.2.1. Sediment Rating Curves (SRCs)


SRCs for different gauging stations have been derived from recorded data. Thus, the daily suspended sediment load was calculated through SRCs. The daily-suspended sediment load has been expressed in power law form as a function of daily flows [38,46] at different gauging stations, as represented by following equations.


For Jhelum River,     Qs = (7.7 × 10−2) × Q1.9638 



(5)






For Poonch River,     Qs = 0.208 × Q1.8748    



(6)






For Kanshi River,     Qs = (1.159 × 10−9) × Q2.9873



(7)




where Qs is the daily-suspended sediment load (Tons/day) and Q is the daily avg. river flow (m3/s).




4.2.2. Artificial Neural Network Model (ANN)


Today, artificial intelligence (AI)-based techniques are being used more and more for problem solving in hydrology. A number of researchers predicted the hydrological parameter by developing artificial neural network (ANN)-based models [47,48]. For many years, ANN-based models have been used for rainfall estimation, runoff estimation, reservoir inflow prediction, suspended sediment prediction, reservoir level estimation, and reservoir operation [39,49,50,51,52]. In this study, missing and future suspended sediment data were predicted by ANN-based data-driven technique for the efficient estimation of incoming suspended sediment.



The adopted technique has been developed using different input parameters i.e., antecedent river discharges, sediment, precipitation, and temperature information. For the development of a smooth and reliable model, state of the art mathematical tools—gamma test and M-test—were used for the estimation of the best model input combination and data length selection, respectively [53,54]. Model training was performed through two types of feed forward ANN model that are formed on back propagation (BP) and a two-layer Broyden–Fletcher–Goldfarb–Shanno (BFGS) training algorithm.



Assessment for the best technique was done based on simple statistical parameters, namely NSE, R2, and PBIAS. Outcomes from both training and validation stages clearly indicated the efficiency of both the conventional SRCs method and ANN-based prediction technique for missing and future sediment data. Results showed that the ANN-based model outperformed the SRCs method with higher values of NSE, R2. Further, PBIAS shows that SRCs significantly underestimate the sediment load and ANN gave best estimation of suspended sediment load (Table 1).





4.3. Hydraulic Model Description


The evaluation of reservoir life entails modelling the spatial sediment deposition with given water and sediment discharges and channel geometry as inputs and driven by the reservoir operation policy that determines the reservoir levels. This step requires the realization of comprehensive numerical simulations to cover the full extent of reservoir operations under varying conditions of water and sediment flow.



In this study, the numerical model HEC-RAS 5.0.7 is run to predict the future sedimentation patterns in the Mangla Reservoir. It is a one-dimensional sediment transport model that predicts reservoir sedimentation trends from moderate to long-term period and loss of reservoir impounding capacity along with other exhaustive info, like bed composition, sediment concentrations, etc., at specific locations. HEC-RAS can perform four types of hydraulic analysis, i.e., steady-flow analysis for water surface profile, one- and two-dimensional unsteady flow simulations, one-dimensional sediment transport computation, and water quality analysis modelling [19].



To compute the flow depth and velocity, a flow profile equation is used to estimate water depth, water level, and mean velocity variation within two consecutive sections in the reservoir for a given computation time interval. The backward standard step method is applied for computing the water surface profile. Further, the Manning equation is used to calculate the flow rate within each section [55].



The Exner equation (Equation (7)), also known as the sediment continuity equation, is used in the HEC-RAS model for sediment routing in each section between two consecutive cross sections along the river reach.


   (  1 −  λ ρ   )  B   ∂ η   ∂ t   = −   ∂  Q s    ∂ x   ,  



(8)




where Qs, sediment load (m3/s); B, width of channel (m);    λ ρ    active layer porosity;  η , channel bed level elevation (m); t, Time (s); x, distance (m).



The Exner equation relates the net sediment entering the control volume during a small time step dt to the change in the channel bed level. In the field, the control volume is replaced by a given river reach and the aggradation or degradation of the channel bed is due to the imbalance between the sediment entering and the sediment leaving the reach. This highlights the importance of sediment transport capacity of a river reach, which is determined via uniform flow sediment transport formulae/functions.



The HEC-RAS model have eight sediment transport functions Ackers and White (A&W) (1973) [56], Laursen (1958) [57], Englund–Hansen (E&H) (1967) [58], Meyer-Peter and Müller (1948) [59], Copeland (1989) [60], Yang (1973, 1984) [61,62], Toffaleti (1968) [63], and Wilcock and Crowe (2003) [64] to calculate the sediment transport capacity. Among all the functions, the Ackers and White sediment transport formula was found to be best by sensitivity analysis and it was also used in studies conducted on JRB [16,65]. It takes account of parameters of transport, particle size, and mobility. It has a dimensionless parameter for distinguishing between fine sediment (less than 0.04 mm), transitionary particles (0.04–2.5 mm), and coarse sediments (greater than 2.5 mm). The general sediment transport rate is determined in terms of some dimensionless parameters by Equation (8) in the following form.


   F  g r   =  U * n     [  g d  (     y s   y  − 1  )   ]    −  1 2       [   V    32 log  (    α D  d   )       ]    1 − n   ,  



(9)




where Fgr, mobility number for sediment;    U *   , shear velocity (m/s); n, Transition component, depending on sediment size; α, coefficient equal to 10 in rough turbulent equation; V, mean flow velocity (m/s); d, size of sediment particles (mm); and D, depth of water (m).



Bed volume changes owing to the finer particles, e.g., clay and silt are estimated by using other transport functions to account for cohesive characteristics. HEC-RAS offers the possibility of using the standard transport equations or the Krone (1962) [66] and Partheniades (1965) [67] approach. A comprehensive explanation of the model is available in HEC-RAS reference manuals [19].



To compute the bed sorting and armoring, HEC-RAS uses the Thomas mixing method (formerly Exner 5 and 7) that computes the coarse armor or inactive layer, which limits the transport capacity of a river [19]. This method defines the gradations of the active layer, which comprises the cover and subsurface layers, in order to estimate the transport capacity of a river.





5. Results and Discussion


5.1. Sensitivity Analysis for Calibration and Validation of the Numerical Model


A river system model was created in the HEC-RAS according to Figure 3. It includes Jhelum River and its tributaries. The river x-sections helped to create the bathymetry and bank geometry. Water and sediment discharges (divided into sediment fractions of sand, silt and clay) on daily basis were applied to each river at its upper most x-section as upstream boundary conditions. The dam face formed the model end section on the downstream side where the daily reservoir level in a.s.l. was applied as the downstream boundary condition.



Sensitivity analysis for the selection of certain parameters like roughness coefficients, computational time step, sediment transport functions, and fall velocity was performed to simulate bathymetric changes in the reservoir. After importing all the input data to the HEC-RAS model, the model was run for different Manning’s values going from 0.02 to 0.04 with the incremented by 0.005 and by keeping a computational time step of 12 h with the model default sediment parameters (the Ackers and White method as the sediment transport function, Exner 5 as the bed sorting method, and Report 12 as the fall velocity method). It is found that low values of n lead to high erosion and cause high sediment transport rates because of the higher flow velocities. The simulated bed profile for Manning’s value of 0.03 was found to agree closely with the observed bed level (Figure 9), and statistical analysis also showed that the value of n = 0.03 is the most suitable one because it has a minimum RMSE value and NSE, R2 value is close to 1 as shown in Table 2. Thus, n = 0.03 was adopted as the project default value. Further, it has also been observed that the increasing value of n from 0.02 to 0.03 leads to the computed bed profile closer to the measured profile, and its further increased value (n = 0.035) shows more deviation from the observed. Thus, it is observed that a nonlinear relation exists between reservoir sedimentation and the Manning’s roughness coefficient.



Further, to analyze the effect of time step, the model was run for the computational increment as 24, 12, 9, 6, and 3 h, by keeping other parameters same as default. It is observed that the computed results are sensitive to the varying computational increment. The smaller time step gives more stability to the numerical model, but it increases the run time. Therefore, it is an important model parameter that directly influences the model’s efficiency. The comparison of the observed and computed results for the year 2010 and 2014 are shown in Figure 10, and from statistical analysis (Table 2), it is observed that similar results were found for the computational increment equal or less than 6 h. Hence, in the present study, 6 h is selected as computational increment time step as the project default value for further analysis.



Furthermore, the model was calibrated on observed longitudinal bed profile data and delta advance rate, from 2005 to 2010, by selecting one by one all the sediment transport functions and different fall velocity methods available in HEC-RAS software by keeping the 6-h computational increment time and the Manning’s roughness coefficient value as 0.03. The results showed that the Ackers and White sediment transport function combined with the Van Rijn fall velocity method was found to be the best among the lot. All other transport functions underestimated the location of the delta pivot point, but overall, a good agreement was found between the observed and simulated longitudinal bed profiles, as shown in Figure 11. The original ground level (OGL) of the reservoir in 1967 is also shown in Figure 11.



All functions underestimated the deposition close to the dam face; the earthquakes of 2005 and 2008 could be the reason behind the movement of the foreset slope. The result of the calibration in 2010 is shown in Figure 12.



Model Validation


The numerical model was validated for the years 2014 and 2017 by comparing the computed and observed longitudinal bed profiles of the reservoir, as illustrated in Figure 13. From Figure 13, it is revealed that the topset slope closely matches the topset slope of the observed delta profile. A fairly good agreement was found between the simulated and observed measurement of the bed profile exclusively on the far and near of the topset slope and on the pivot point of the sediment delta. However, minor discrepancies have been observed on locations where the river channel is narrow and on the river bends. This is due to the presence of 3D effects, i.e., helical flow due to secondary currents, which can only be resolved by a 3D flow and sediment model [18]. Further, the model underestimated the sediment deposition close to the dam embankment. Overall, the results of the calibration and validation of the numerical model indicate that the model was able to compute the bed levels with reasonable accuracy, thus pointing to its suitability for the reservoir sedimentation studies.



The statistical analysis was performed to evaluate the calibration and validation of sediment transport model efficiency. The results show that the model performed well in both phases of calibration and validation by considering the combination of the Ackers and White equation as the transport function, the van Rijn equation as the fall velocity method, a Manning’s roughness coefficient of 0.03, and a computational increment of 6 h. The minimum RMSE (calibration 2.18 and validation 3.18) with NSE (0.96, 0.90), R2 (0.97, 0.93), and PBIAS is close to the perfect values of 1 and 0%, respectively, as shown in Table 2.



The model efficiency was also assessed by comparing the sediment deposition in different pockets of the Mangla Reservoir as given in Table 3. It has been observed that the computed volume of deposited sediments in different reservoir pockets are quite close to the observed amount as reported by the dam authorities.



At the majority of the x-section locations, a good agreement between the observed and simulated bed levels was noted, although the results were poor in the lower Jhelum River reach. This is because the said reach is sandwiched between the upper Jhelum and the lower Jhelum reach. It is a short river reach, which connects the two reaches transversally. The channel width is narrow and marked by the presence of bends where a complex 2D or even 3D flow prevails, hence, the wide gap between the observed and simulated sediment results in Table 3.



However, bed levels near the dam are not well simulated by the numerical model. In the period 2005–2017, the bed levels simulated with HEC-RAS do not follow the increase shown in the surveys (Figure 12 and Figure 13). One probable explanation could be the devastating earthquakes of October 2005, 2008, 2011, 2013, 2014, and 2015 (having magnitudes of 7.6, 6.4, 7.2, 7.7, 4.5, and 6.3, respectively) in northern Pakistan, which may have caused landslide/subsidence of the foreset slope of the sediment delta. It is clear that such phenomena cannot be modeled by HEC-RAS.



In Figure 13, it can be seen that, in the year 2014, the bed levels near to the dam embankment are higher than the tunnel intake levels. The fact that the tunnels still function and have not been choked by the higher flow velocity is the eroding of the sediment deposits. These localized phenomena, of course, cannot be replicated by a 1D model, as they occur due to lateral variation of the flow velocity, which requires at least a 2D model for its description.





5.2. Impact of Future Reservoir Operating Scenarios


The reservoir operation depends upon a number of factors, i.e., inflows and its seasonal variation, downstream water level, MOL, sediment movement pattern and rate, flow rate change due to variable climate, trap efficiency, live and dead storage, etc. Clearly, determining the optimum reservoir operation strategy is by no means evident. Thus, we adopted a heuristic approach that allows us to select the best strategy and at the same time explains the trade-offs between the main factors by developing a set of plausible operating scenarios as listed in Table 4.



The results for Scenario S1 with projected future discharges from RCP4.5 and the simulation outcomes for the years 2025, 2035, 2045, and 2055 are shown in Figure 14. As the future projections for the Mangla Basin predict an increase in flows, Scenario 1, which keeps the MOL equal to the existing 319 m a.s.l., leads to rapid sedimentation. As a result, the delta moves rapidly toward the dam face. In this scenario, the bed levels close to the main embankment aggraded rapidly and reached the level 320 m a.s.l. in the year 2045, thus, rapidly filling the dead storage space.



Figure 15 represents the pivot point location and the bed profiles after 30 years for the five reservoir operation scenarios.



This shows that the raise in MOL slows down the rate of delta movement towards the turbine intakes as more and more sediments are deposited along the topset slope and in the upstream river reaches. Furthermore, it is clearly observed that by increasing the minimum reservoir level, the live storage capacity decreases gradually and the dead storage remains intact. In Scenarios S3 and S4, the movement of the delta reduced significantly as the high water level slowed down the velocity in areas far upstream from the dam, thus promoting deposition at those locations. Table 5 shows the mean advancement rate of the Mangla delta toward the dam face.



Table 6 shows the total volume lost as percentage of gross storage capacity (including the upraised Mangla Dam capacity) for the analyzed scenarios using future discharges derived from RCP4.5 and 8.5, which varies from 30.98% to 32.75%. The results reveal that there is a maximum difference of 1.77% in the total storage lost among different operational scenarios. It also shows the impact between the two sets of future discharges (RCP4.5 and 8.5) on reservoir sedimentation up to the year 2065 and has minor influence in view of comparative volume lost (i.e., <1%). Therefore, further results for the RCP4.5 are discussed because RCP8.5 has similar impact as RCP4.5 on Mangla Reservoir sedimentation.



The results indicate that the total volume loss because of sedimentation is around 3.0 BCM in GSC for all the scenarios. In view of these results for all operational scenarios, sediment-trapping capacity is high, but there is a small difference among all of them because of the vast reservoir area and capacity. However, the storage loss by sedimentation in the main Mangla pocket close to the dam has a greater impact, as compared to the total volume lost due to sedimentation in the reservoir, as illustrated in Figure 16. Scenarios S1 and S2 having a minimum reservoir level show maximum deposition in the main Mangla pocket as compared to other scenarios until 2045. Afterward, a gradual fall has been observed because of increase sediment outflows, as shown in Figure 17. Further, Scenarios S3, S4, and S5 have progressively increased sediment deposition in the main pocket (Figure 16) with the lowest sediment outflows (Figure 17) and minimum delta advancement rate with the highest reduced level of sediment bed at the pivot point (Figure 15) as compared to Scenarios S1 and S2. This reveals that the rising drawdown level of the reservoir reduced the sediment delta advancement rate and kept the pivot point far away from the dam face for a longer period, but it has also increased the upstream bed level because of high sedimentation. However, keeping the minimum drawdown level in the reservoir triggers high advancement of sediment deposits toward the dam face.



Outflowing sand particles significantly contribute to the wear and tear of the turbine blades and at the outlet surfaces. Table 7 provides information on the proportion of sand outflows and inflows for four scenarios.



The sand outflows increase with time as lower drawdown levels are maintained and decreases with higher drawdown levels. Simulation S1 has the least drawdown level among the four simulations, demonstrating this problem to the fullest. Initially, the sand outflows are small during the decade 2035–2045 i.e., 0.005 million tons/year but after about a decade as the availability of sand increases, the outflows increase by about 14% to reach 9 million tons/year (Table 7). Further, no sand outflows were observed through the turbine intakes in Simulation S4 having a minimum reservoir level of 329 m a.s.l.; in Simulation S5, every year, the minimum drawdown level of the reservoir is increased by 0.75 m. Thus, the objective of deterring the volume loss by operating the reservoir at MOL may contravene the objective of passing less concentrated sediment water through turbine intake to prevent wear and tear and vice versa.



The low drawdown level also increases the sand particles proportion in water. When this sand-laden water passes through the hydropower tunnels, it causes abrasion of the mechanical surfaces exposed to high-speed flow, e.g., to turbine blades. Generally, this phenomenon occurs for the particle size exceeding 0.1 mm but may also happen for smaller particles in case of high operation heads and angular quartz particles [6]. As a result, it may cause clogging or blocking of the outlets. The risk is higher if the dam is situated in a seismically active zone, as Mangla is, due to liquefaction of the accumulated sediments.



The composition of the sediment outflow through the reservoir vary from the low flow season to the high flow season. During the low flow season (February and March), the outflow consists of coarse silt and sand, while in the high flow season (May and June), the composition changes to clay and fine silts. Maximum sediment outflows of coarse silt and sand from the reservoir therefore do not occur at the same time as the peak flows in the river. Hence, this coarser material is deposited in the river downstream of the dam and subsequently re-scoured once the higher flows are released from the dam later in the year. This depositing and reworking of the sediment in the river could cause additional and significant environmental damage. Furthermore, these highly concentrated sediment outflows are also very harmful to biota in downstream river reaches. Recent case studies have estimated detailed biological and physical alterations, reductions of benthic organisms due to bed siltation, and severe fish mortality [68].



Table 8 gives information regarding outflows of sand fraction, which is pertinent to the above-mentioned risks.



The observed sediment deposition rate at the Mangla Reservoir from 2005–2017 was about 0.023 BCM per year, while rates of deposition for future years under impact of climate change with different reservoir operational rules are show in Table 9. The sediment deposition rate increases from 0.023 BCM to 0.032 BCM per year due to the increase in summer precipitation and discharges due to climate change, which causes more weathering and erosion in the Mangla catchment area. It also indicates that the deposition rate decreases gradually with the passage of time because total sediments outflows are increasing, as shown in Figure 17.



To summarize, the minimum reservoir operation level has a significant impact on reservoir sedimentation. The results showed that, by keeping the reservoir MOL lower, a higher volume of water can be made availability for useful purposes e.g., irrigation and hydropower. However, it leads to a rapid increase of the bed levels near to the dam (Scenarios 1 and 2). Additionally, low MOL enhances the sediment outflows, which increases the risk of turbine abrasion and tunnel choking. An opposite measure is to keep the MOL high, which has the disadvantage of reducing water availability, but on a positive note, it slows down the delta advance (Scenarios 3 and 4). A further negative effect of high MOL is the increased foreset slope of the sediment delta, which might collapse, thus leading to mass movements of the bed load into the power tunnel(s). Considering all these factors, a strategy (Scenario S5) that leads to a gradual increase in MOL of the reservoir with time is the optimal strategy because it slowly introduces the change on yearly basis, arresting the delta advancement, preserving the live storage, and keeping the sand outflows within their reasonable limits.




5.3. General Lessons Learnt from the Present Study


The present study results can be generalized to multi-purpose reservoirs situated in water stressed, arid, or semi-arid zones. The reservoir can have multiple objectives e.g., irrigation supplies, hydropower, flood control, etc. It is also well known that streams in arid zones carry far more sediment than temperate regions that arrive in great quantities during flood seasons. Thus, reservoir sediment management has a very vital role to play in prolonging the life of a reservoir.



From the reservoir operations viewpoint, it is of paramount importance to ensure sustainable use of the reservoir by reducing sedimentation and not allowing sediment to approach the power tunnels or water intakes too closely. This would prevent the clogging of the latter. The threat is all the more palpable in a seismically active zone where sand liquefaction can cause highly turbid water to invade the installations, leading to its shut-off and degradation.



The sediment management is greatly dependent upon the reservoir operations policy, which fixes the reservoir minimum water level. If the water level is low, more turbid water can be made to pass through the tunnels, thus promoting flushing of the sediment. However, it has the inconvenience of allowing the sediment to deposit more closely to the tunnels/intakes and degrading the turbines. The other option is to keep the reservoir water level high, which may not be possible due to end-users being dependent on the water, or, the reservoir has to be depleted to a certain level before the arrival of a flood season to store a flood peak. Further, the high water level can cause sediment mounds to form far from the intakes, but this also increases the susceptibility to slope failure or slumping. The MOL may be set low in initial years after the commissioning of the reservoir, but it may have to be raised gradually to reduce the sediment accumulation in later years.



The suggestions that can be advanced based on the present case study recognize the fact that flows may need to be passed through the installations housing hydraulic machinery; however, at the design stage, it would be prudent to reserve some low-level outlets only for flushing and not to install turbines on those. A maximum “shut off” sediment load has to be defined for an installation at which it must be immediately shut down to protect the installation. To avoid the risk of installation clogging during an earthquake or slumping, a “deep water suction dredging system” of adequate capacity should be procured in advance to clear the blockage as soon as possible. Further, regular repair of exposed hydraulic surfaces should be undertaken to repair the damage done by silt-laden water. The turbines selected should be able to withstand the high sediment load. Further, options may be explored to protect the machinery through specialized coatings e.g., ceramics and polyurethane. Furthermore, outflows near to the MOL should be strictly monitored to assess its effect on the downstream fish and benthic organisms, and measures may be taken to protect the vulnerable species during the occurrence of such flows.





6. Conclusions


This study evaluates the impact of climate change and reservoir operation curves on reservoir sedimentation and its sustainable management. Reservoir sedimentation management is a complicated and challenging task because some objectives might controvert others. For instance, the objective of deterring the volume loss may contravene the objective of passing less concentrated sediment water through turbine intake to prevent wear and tear and vice versa. To assess the impact of different operation strategies with future discharges derived through RCP4.5 and 8.5 under the impact of climate change, long-term numerical modeling has been carried out by the HEC-RAS model to assess the sediment dynamics in the reservoir. As a case study, the Mangla Reservoir in northern Pakistan, having complex geometry and critical sediment-related issues, was selected.



This study used an ANN technique over conventional SRCs method to estimate the missing past data and future suspended sediment load. Results showed that the ANN-based model outperformed the SRCs method, scoring relatively higher values of NSE-0.78 (ANN) to 0.29 (SRC). This shows that SRCs underestimate the sediment load, and ANN gave best estimation of the suspended sediment load.



Results indicate that the 1D HEC-RAS numerical model has described well the behavior of the reservoir sedimentation. Sensitivity analysis showed that the most appropriate values of Manning’s roughness coefficient and computational time step are identified as 0.03 and 6 h, respectively. It is observed that a nonlinear relation exists between reservoir sedimentation and the Manning’s roughness coefficient. Further, the most suitable sediment transport function and fall velocity method for the Mangla Reservoir are identified as Ackers and White and Van Rijn, respectively. The second-best formula after Ackers and White was that of Laursen.



The simulated outcomes match with the estimations based on observations within the expected tolerances. Some limitations are observed when estimating bed levels on the river bends and near the dam because of 3D flow phenomena e.g., turbidity currents, as these could not be simulated using 1D models.



Results showed that reservoir storage capacity has been reduced every year, and the delta of the deposited sediment has advanced toward the dam face at different rates (0.113–0.183 km/year) under projected flows of RCP4.5 and 8.5 and with various reservoir operational scenarios. Reservoir lost its maximum total storage capacity (9.11 BCM) by 32.75% and 31.80% by keeping the reservoir MOL at 329 m a.s.l. under RCP4.5 and 8.5, respectively. Minimum storage loss (30%) has been found in Scenario1 (MOL 320 m a.s.l.), but it fills the dead storage of the reservoir earliest than other cases. Simulation results showed that Scenario 5, in which every year MOL is increased by 0.75 m, significantly slows down the delta advance and also deters the transport of sand particles into turbine intakes.



Thus, by increasing the MOL of the reservoir by a certain value every year, the delta movement rate and the bed level at the upstream of the dam can be checked, which lessens the risk of tunnel choking. Hence, the probability of mass movements of coarse silts and fine sands into the power tunnels can be controlled by raising the MOL by certain level (≥0.75 m) every year. Consequently, reservoir operation rules and their outcomes regarding reservoir sedimentation pattern have to be considered most important parameter in view of sustainable reservoir management. Reservoir operation rules provides optimal solutions to the environmental, economic, and social requirements related to reservoir.







Recommendations


Detailed hydrographic surveys of the main pocket close to dam will be performed to investigate the exact position of sediment delta pivot point with its reduced level and bed levels near to turbine intakes will be measured at least once per year. To avoid the slumping or mass movements towards the dam face, reservoir MOL will be raised by certain amount every year for reduction of delta rate. As the Mangla Reservoir has greater amount of silt deposits in main pocket, it is recommended to pass these sediments every year as a maximum wash load through intake tunnels during MOL. Further, in order to prevent the entry of slide mass into power tunnels, construction of sub-aqueous dyke will be considered as an effective protective measure for the near future. At last replacing of older turbines with modern turbines that are designed for highly erosion resistant material will be installed.
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Figure 1. The Mangla Reservoir catchment area. 
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Figure 2. Stage-storage capacity curve for the Mangla Reservoir. 
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Figure 3. Mangla Reservoir pockets and cross sections location. 
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Figure 4. Percent changes in annual runoff. 
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Figure 5. Percentage variation of sand, silt and clay for Jhelum River. 
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Figure 6. Bed gradation curve of different Mangla pockets. 
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Figure 7. Daily mean reservoir inflow/outflow and level before and after the Mangla upraising. 
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Figure 8. Future reservoir operation curves. 






Figure 8. Future reservoir operation curves.



[image: Water 12 02736 g008]







[image: Water 12 02736 g009 550] 





Figure 9. Comparison of the observed and simulated bed elevation for different Manning’s roughness coefficients. 
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Figure 10. Comparison of observed and simulated bed elevation for different computational increments. 
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Figure 11. Comparison of observed and simulated bed elevation for different sediment transport functions. 
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Figure 12. Calibration of the numerical model for the year 2010. 
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Figure 13. Validation of the numerical model for the year 2014. 
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Figure 14. Bed profile of the deposited sediment for S1-45 scenario. 






Figure 14. Bed profile of the deposited sediment for S1-45 scenario.



[image: Water 12 02736 g014]







[image: Water 12 02736 g015 550] 





Figure 15. The pivot point of the deposited sediment delta of the year 2035 for all operational scenarios. 
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Figure 16. Storage loss due to sedimentation in the main Mangla pocket. 
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Figure 17. Total sediment inflows and outflows from the reservoir. 
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Table 1. Statistical analysis of the performance of the sediment ratings curve (SRC) and artificial neural network (ANN) models in predicting the daily suspended sediment load.
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	Method
	NSE
	R2
	PBIAS





	SRCs
	0.29
	0.49
	−45.72%



	ANN
	0.78
	0.78
	+1.37%










[image: Table] 





Table 2. Statistical analysis for sensitivity analysis for calibration and validation.
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Parameter

	
Calibration 2010

	
Validation 2014




	
NSE

	
R2

	
PBIAS

	
RMSE (m)

	
NSE

	
R2

	
PBIAS

	
RMSE (m)






	
Manning’s roughness coefficient

	
n 0.02

	
0.95

	
0.96

	
−0.29

	
2.83

	
0.88

	
0.92

	
−0.17

	
3.41




	
n 0.025

	
0.96

	
0.96

	
−0.22

	
2.65

	
0.88

	
0.92

	
−0.13

	
3.39




	
n 0.03

	
0.96

	
0.97

	
−0.20

	
2.55

	
0.89

	
0.92

	
−0.10

	
3.34




	
n 0.035

	
0.96

	
0.97

	
−0.20

	
2.59

	
0.89

	
0.92

	
−0.11

	
3.36




	
n 0.04

	
0.96

	
0.97

	
−0.20

	
2.57

	
0.89

	
0.92

	
−0.11

	
3.35




	
Computational increment

	
3 h

	
0.96

	
0.97

	
−0.20

	
2.54

	
0.89

	
0.92

	
−0.07

	
3.25




	
6 h

	
0.96

	
0.97

	
−0.20

	
2.54

	
0.89

	
0.92

	
−0.07

	
3.25




	
9 h

	
0.96

	
0.97

	
−0.20

	
2.55

	
0.89

	
0.92

	
−0.09

	
3.29




	
12 h

	
0.96

	
0.97

	
−0.21

	
2.55

	
0.89

	
0.92

	
−0.10

	
3.34




	
24 h

	
0.96

	
0.97

	
−0.21

	
2.56

	
0.89

	
0.92

	
−0.02

	
3.38




	
Sediment transport function

	
A&W

	
Report 12

	
0.96

	
0.97

	
−0.20

	
2.54

	
0.89

	
0.92

	
−0.07

	
3.25




	
E&H

	
0.93

	
0.95

	
−0.52

	
3.40

	
0.87

	
0.92

	
−0.42

	
3.57




	
Laursen

	
0.96

	
0.97

	
−0.21

	
2.54

	
0.89

	
0.92

	
−0.09

	
3.26




	
MPM

	
0.91

	
0.96

	
0.13

	
3.93

	
0.56

	
0.94

	
0.62

	
6.57




	
Yang

	
0.95

	
0.96

	
−0.27

	
2.80

	
0.89

	
0.92

	
−0.15

	
3.28




	
Toffaleti

	
0.96

	
0.97

	
−0.18

	
2.62

	
0.85

	
0.95

	
0.08

	
3.84




	
Fall velocity method

	
Report-12

	
A&W

	
0.96

	
0.97

	
−0.20

	
2.54

	
0.89

	
0.92

	
−0.07

	
3.25




	
Rubey

	
0.96

	
0.97

	
−0.20

	
2.55

	
0.89

	
0.92

	
−0.09

	
3.29




	
van Rijn

	
0.96

	
0.97

	
−0.20

	
2.52

	
0.90

	
0.93

	
−0.06

	
3.18




	
Dietrich

	
0.96

	
0.97

	
−0.20

	
2.54

	
0.89

	
0.92

	
−0.09

	
3.29




	
Toffaleti

	
0.96

	
0.97

	
−0.20

	
2.54

	
0.89

	
0.92

	
−0.09

	
3.28
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Table 3. Sediment deposition in different pocket of reservoir from 2005 to 2010.
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	Reservoir Pocket
	Observed Deposition (MCM)
	Computed Deposition (MCM)





	Upper Jhelum
	49.46
	56.76



	Lower Jhelum
	2.31
	13.33



	Main
	54.16
	51.77
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Table 4. Model boundary condition for future simulation.
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	Scenarios
	Upstream Boundary Condition
	Downstream Boundary Condition
	Manning’s Roughness
	Sediment Transport Function
	Fall Velocity Method





	Scenario 1
	Daily Q predicted by RCP 4.5 and 8.5. Temperature (RCP 4.5 and 8.5). Daily SSL predicted by RCP 4.5 and 8.5 (2017–2075)
	Future reservoir operation level of S1 (MOL 320 m a.s.l.)
	0.03
	Ackers and White
	Van Rijn



	Scenario 2
	-
	(MOL 323 m a.s.l.)
	-
	-
	-



	Scenario 3
	-
	(MOL 326 m a.s.l.)
	-
	-
	-



	Scenario 4
	-
	(MOL 329 m a.s.l.)
	-
	-
	-



	Scenario 5
	-
	(MOL 320–329 m a.s.l.) by an increase of 0.75 m/year
	-
	-
	-
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Table 5. Delta advance rate towards the dam face.
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	Scenarios
	S1-4.5
	S2-4.5
	S3-4.5
	S4-4.5
	S5-4.5





	Delta advancement rate (km/year)
	0.183
	0.169
	0.150
	0.113
	0.131










[image: Table] 





Table 6. Total volume loss of the reservoir in percentage.
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Scenarios

	
Total Volume Lost in %




	
Year 2025

	
Year 2035

	
Year 2045

	
Year 2055

	
Year 2065






	
S1-4.5

	
Scenario 1 with RCP4.5

	
19.43

	
22.95

	
25.81

	
28.34

	
30.98




	
S1-8.5

	
Scenario 1 with RCP8.5

	
19.13

	
22.46

	
25.48

	
28.01

	
30.32




	
S2-4.5

	
Scenario 2 with RCP4.5

	
19.44

	
22.98

	
25.85

	
28.45

	
31.01




	
S2-8.5

	
Scenario 2 with RCP8.5

	
19.14

	
22.52

	
25.56

	
28.13

	
30.74




	
S3-4.5

	
Scenario 3 with RCP4.5

	
19.51

	
23.14

	
26.11

	
29.21

	
31.79




	
S3-8.5

	
Scenario 3 with RCP8.5

	
19.20

	
22.73

	
25.80

	
28.81

	
31.06




	
S4-4.5

	
Scenario 4 with RCP4.5

	
19.57

	
23.29

	
26.36

	
29.57

	
32.75




	
S4-8.5

	
Scenario 4 with RCP8.5

	
19.27

	
22.78

	
25.84

	
28.98

	
32.38




	
S5-4.5

	
Scenario 5 with RCP4.5

	
19.45

	
23.17

	
26.25

	
29.46

	
32.45




	
S5-8.5

	
Scenario 5 with RCP8.5

	
19.14

	
22.55

	
25.66

	
28.81

	
31.03
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Table 7. Comparison of the sand outflow with respect to sand inflow in percentage.
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	Years
	S1-4.5
	S2-4.5
	S3-4.5
	S4-4.5
	S5-4.5





	2025–2035
	0
	0
	0
	0
	0



	2035–2045
	0.01
	0
	0
	0
	0



	2045–2055
	11.48
	6.17
	0
	0
	0



	2055–2065
	13.67
	16.78
	10.35
	0
	0.93
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Table 8. Outflows of different sand fractions from the reservoir for S1-4.5.
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Duration (Years)

	
Very Fine Sand (0.0625–0.125 mm)

	
Fine Sand (0.125–0.25 mm)

	
Medium Sand (0.25–0.5 mm)

	
Coarse Sand (0.5–1 mm)

	
Very Coarse Sand (1–2 mm)




	
(M Tons/year)

	
(M Tons/year)

	
(M Tons/year)

	
(M Tons/year)

	
(M Tons/year)






	
2045–2055

	
0.671

	
0.037

	
0.005

	
0.001

	
0.001




	
2055–2065

	
0.849

	
0.042

	
0.007

	
0.001

	
0.002
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Table 9. Prediction of sediment deposition (BCM/year).
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	Scenarios
	Year 2025–2035
	Year 2035–2045
	Year 2045–2055
	Year 2055–2065





	S1-4.5
	0.032
	0.026
	0.023
	0.024



	S2-4.5
	0.032
	0.026
	0.024
	0.023



	S3-4.5
	0.033
	0.027
	0.028
	0.023



	S4-4.5
	0.034
	0.028
	0.029
	0.029



	S5-4.5
	0.034
	0.028
	0.029
	0.027











© 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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