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Abstract

:

Sediment deposits in North African catchments contribute to around 2%–5% of the yearly loss in the water storage capacity of dams. Despite its semi-arid climate, the Tafna River plays an important role in Algeria’s water self-sufficiency. There is continuous pressure on the Tafna’s dams to respond to the demand for water. The Soil and Water Assessment Tool (SWAT) was used to evaluate the contribution of different compartments in the basin to surface water and the dams’ impact on water and sediment storage and its flux to the sea in order to develop reservoir management. The hydrological modelling fitted well with the observed data (Nash varying between 0.42 and 0.75 and R2 varying between 0.25 and 0.84). A large proportion of the surface water came from surface runoff (59%) and lateral flow (40%), while the contribution of groundwater was insignificant (1%). SWAT was used to predict sediments in all the gauging stations. Tafna River carries an average annual quantity of 2942 t·yr−1 to the Mediterranean Sea. A large amount of water was stored in reservoirs (49%), which affected the irrigated agricultural zone downstream of the basin. As the dams contain a large amount of sediment, in excess of 27,000 t·yr−1 (90% of the sediment transported by Tafna), storage of sediment reduces the lifetime of reservoirs.
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1. Introduction


As in most semi-arid and arid regions, which cover over 40% of the world’s land surface, water resource management in the Middle East and North Africa is more complex than it is in humid zones due to the lack of perennial rivers and other readily available water sources [1]. The population of the Middle East and North Africa was 432 million in 2007, and is projected to reach nearly 700 million by 2050 [2]. This alone would lead to a 40% drop in per capita water availability in the region by 2050 [3]. In Maghreb (Northwest Africa), which has only scarce water resources, most damage is associated with the loss of alluvial sediments from the catchment and subsequent dam siltation [4]. The study of semi-arid North African environments is problematic for several reasons. These include data gaps and considerable anthropic pressures coupled with increasingly intense dry seasons [5].



As in all North African countries, water in Algeria is one of its most valuable resources because it is one of the poorest countries in the region in terms of water potential [6]. Algeria’s rivers transport a large quantity of sediments [7,8]. The sediment deposited in Algerian dams is estimated to be 20 × 106 m3·yr−1 [9]. Competition for water between agriculture, industry, and drinking water supply—accentuated by a drought in Algeria—has shown the need for greater attention to be paid to water [10] and for it to be managed at the large basin scale [11]. Surface water resources in Algeria are evaluated to be approximately 8376 billion m3 for an average year [12]. These water resources in Algeria are characterized by wide variability—the resources for the last nine years have been significantly below this average [13]. In this context, several dams were built in Algeria to ensure water resources for the supply of drinking water to all its cities and allowed approximately 12,350 km2 of irrigated land to be developed [12,13,14]. However, dam reservoirs lose about 20 × 106 to 30 × 106 m3 of water storage every year [15,16].



Despite its semi-arid climate, the Tafna catchment plays an important role in water self-sufficiency in northwest Algeria [17]. There is always huge pressure on Tafna dams, which have a capacity of 398 × 106 m3, in order to meet the demand expressed specifically and continuously by the largest cities of northwest Algeria (Oran, which is Algeria’s second largest city with 10,000 m3·day−1; Sidi Bel Abbes, 20,000 m3·day−1; Ain Temouchent, 15,000 m3·day−1; and Tlemcen, 37,000 m3·day−1) [12,17].



The deposits of sediment in Maghreb contribute about 2%–5% of the yearly loss in the dams’ water storage capacity. In Algeria, the intercepted runoff in dams and weirs hold about 5.2 billion m3, which makes up 42% of total runoff [18]. The construction of dams has raised questions about their hydrological impacts on water resources at basin scale, especially where there are conflicts between upstream and downstream water users [19,20].



Hydrological models serve many purposes [21]. The accuracy and skill of flow prediction models can have a direct impact on decisions with regard to water resources management. Various statistical and conceptual streamflow prediction models have been developed to help urban planners, administrators, and policy makers make better and more informed decisions [22]. Hydrological models including distributed physically-based model—such as SHE [23], TOPMODEL [24], HEC [25], VIC [26], IHDM [27], and WATFLOOD [28]—are capable of simulating temporal-spatial variations in hydrological processes and assist in the understanding of mechanisms of influence behind land use impacts [29].



Out of the distributed physically-based models, the Soil and Water Assessment Tool (SWAT) [30] has been used widely to assess agricultural management practices [31], help identify pollution sources and contaminant fate [32,33], evaluate the impacts of climate change [34], and assess the hydrology and sediment transfer in various catchments [35,36]. Many authors have applied SWAT in semi-arid areas, such as southeast Africa [37], southern Australia [38], in the Mediterranean coastal basin in Spain [39], and in North Africa [40,41]. Some authors have focused on the impact of dams on water balance using SWAT because of its reservoir module [42,43], as shown in China [44] and Pakistan [45].



By applying the SWAT model, which is not widely used in Algeria, to a semi-arid anthropized catchment, the objectives of this study were: (1) to evaluate the contribution of the different compartments of the basin to surface water; (2) to evaluate the impact of the construction of dams in semi-arid catchments on water and sediment storage and (3) on suspended sediment flux to the sea, in order to facilitate, plan, and assess the management of these important reservoirs, which are a crucial part of water self-sufficiency in semi-arid regions.




2. Materials and Methods


To achieve these objectives, the study was divided into two parts. First a model with dams was considered in which hydrology and sediment flux were calibrated on all the gauging stations. Then a model without dams was considered, retaining the same calibration parameters as the first model, which revealed the impact of the installation of this infrastructure on hydrology and sediment flux in this basin. To verify this method, the flows of the two projects were verified on the basis of the literature published by the Algerian National Agency of Hydrologic Resources [46,47,48].



2.1. Study Site


The Tafna watershed covers much of western Algeria (Figure 1). The Tafna Wadi is the main stream with a drainage area of 7245 km2 and elevation varying from sea level to 1100 m.a.s.l. After a 170-km course, the river reaches the Mediterranean Sea near the town of Beni-Saf. It is located between 34°11’ N, 35°19’ N latitude and 0°50’ W, 2°20’ W longitude. The catchment area of the Tafna is divided into two zones that are of a different geological nature: the upstream sector where the river runs in a canyon through Jurassic rocks rich in limestone and dolomite, and the downstream sector where it runs in a tertiary basin characterized by marls covered by recent alluvium [49].



The climate is Mediterranean with two main seasons: a long, dry, hot summer-autumn and a winter-spring with abrupt and frequent heavy rainfall. During the summer, most of the streams, especially in their downstream parts, become mostly dry between June and October. The annual average water temperature varies from 11° in winter to 28° in summer [5]. Annual rainfall is between 240 and 688 mm·yr−1 [50]. The flow at the watershed outlet ranges from 0 to 108 m3·s−1 [51]. The Tafna River has several tributaries. The most important tributary is the Mouillah Wadi, situated in Maghnia region, which is an industrial area. This tributary is polluted by domestic sewage and industrial effluent from the Moroccan cities of Oujda and El Abbes and the Ouerdeffou Wadi. Another important tributary is the Isser Wadi, but its water supply to the Tafna has decreased significantly since the construction of the Al Izdahar dam, which retains most of the water during the rainy season for irrigation purposes [52]. Five dams have been constructed in the catchment of the Tafna: Beni Bahdel, Meffrouch, Hammam Boughrara, Al Izdahar (Sidi-Abdeli), and Sikkak. Their capacities vary between 15 and 177 million m3 (Table 1).



According to the Algerian Ministry of Agriculture, agriculture occupies an important place in the catchment of the Tafna, with cereal covering 1699 km2 (23.6% of the total area), horticulture 342 km2 (4.75% of the total area) and arboriculture 263 km2 (3.65% of the total area). The basin has about 1,450,000 inhabitants [53]. The more densely populated areas are the cities of Oujda (Morocco) with 548,280 inhabitants, followed by the city of Tlemcen (Algeria), which has 140,158 inhabitants.




2.2. Discharge and Sediment Monitoring


Tafna’s daily discharge and monthly sediment measurement has been monitored since 2003 by the National Agency of Hydrologic Resources (ANRH) at nine hydrometric stations (Figure 1). River discharge was obtained from the water level, which is continuously measured by a limnimetric ladder and float water level recorder using a rating curve. Suspended sediments are defined as the portion of total solids retained by a fiberglass membrane (Whatman GF/F) of 0.6 µm porosity. The sediment collected was weighed after being dried at 105 °C for 24 h. The difference in the weight of the filter before and after filtration allowed the calculation of the suspended sediment concentration based on the volume of water filtered (C, in g·L−1).




2.3. Modelling Approach


2.3.1. The SWAT Model


SWAT was developed at the USDA Agricultural Research Service [30]. It was designed for application in catchments ranging from a few hundred to several thousand square kilometres. The model is semi-distributed: the catchment is first divided into sub-catchments and then into hydrologic response units (HRUs), which represent homogeneous combinations of soil type, land use type, and slope. Any identical combination of these three features is assumed to produce a similar agro-hydrologic response [54].



The Hydrological Component in SWAT


SWAT uses a modified SCS curve number method (USDA Soil Conservation Service, 1972) to compute the surface runoff volume for each HRU. The peak runoff rate is estimated using a modification of the rational method [55]. Daily climatic data are required for calculations. Flow is routed through the channel using a variable storage coefficient method [56].



The hydrologic cycle as simulated by SWAT is based on the water balance equation:


   S  W t  =   S  W 0  +     ∑   i = 1  i   (   R  d a y   −  Q  s u r f   −  E a  −    W  s e e p   −  Q  g w    )      








where SWt is the final soil water content on day i (mm), SW0 is the initial soil water content on day i (mm), t is the time (days), R is the amount of precipitation on day i (mm), Qsurf is the amount of surface runoff on day i (mm), Ea is the amount of evapotranspiration on day i (mm), Wseep is the amount of water entering the vadose zone from the soil profile on day i (mm), and Qgw is the amount of return flow to the stream on day i (mm) [57].



The water balance of dams is given by the following equation:


   V =  V  s t o r e d   +  V  f l o w i n     −  V  f l o w o u t   +    V  p c p   −    V  e v a p   −  V  s e e p     








where V is the volume of water in the impoundment at the end of the day (m3 H2O), Vstored is the volume of water stored in the water body at the beginning of the day (m3 H2O), Vflowin is the volume of water entering the water body during the day (m3 H2O), Vflowout is the volume of water flowing out the water body during the day (m3 H2O), Vpcp is the volume of the precipitation falling on the water body during the day (m3 H2O), Vevap is the volume of water removed from the water body by evaporation during the day (m3 H2O), and Vseep is the volume of water lost from the water body by seepage during the day (m3 H2O) [57].



Flow is routed through the channel using a variable storage coefficient method [56] or the Muskingum routing method [57].




Suspended Sediment Modelling Component in SWAT


The sediment from sheet erosion for each HRU is calculated using the modified universal soil loss equation (MUSLE) [58]. Details of the MUSLE equation factors can be found in theoretical documentation of SWAT [59]. Sediment was routed through stream channels using a modification of Bagnold’s sediment transport equation [60]. The deposition or erosion of sediment within the channel depends on the transport capacity of the flow in the channel.






2.4. SWAT Data Inputs


The following spatialized data were used in this study: (i) a digital elevation model with a 30 m × 30 m resolution from the US Geological Survey (Figure 2a); (ii) a soil map [61] (Figure 2b); (iii) a land-use map [62] (Figure 2c); (iv) daily climate data between 2000 and 2013 from eight meteorological stations (Figure 2) provided by the Algerian National Office of Meteorology that were used to simulate the reference evapotranspiration in the model using the Hargreaves method because it is the best in semi-arid regions [63]; and (v) daily discharge outflow data for the five Tafna dams provided by the Algerian National Agency for Dams and Transfers (ANBT). Version 2012 of ArcSWAT (Texas Agrilife Research, Usda Agricultural Research Service, Temple, TX, USA) was used to set up the model. The catchment was discretized into 107 sub-basins with a minimum area of 7020 km2 (Figure 2d) and 1067 HRUs. To measure the impact of the dams, two SWAT projects were undertaken with and without dams, retaining the same parameter values.




2.5. Model Calibration


In this study, the SUFI-2 (sequential uncertainty fitting, ver. 2) algorithm [64] was used for calibration and sensitivity analysis for flow and sediment output. This program is currently linked to SWAT in the calibration package SWAT-CUP (SWAT calibration uncertainty procedures) (EAWAG, Zurich, Switzerland.). The whole simulation was performed daily from January 2000 to December 2013 (excluding a three-year warm-up from 2000 to 2003). Stream flow was calibrated at a monthly time-step because of the lack of good observed daily data from January 2003 to August 2011, while sediments were calibrated at a daily time-step from January 2003 to December 2006 except for station A5, which was from January 2003 to December 2005. 150 simulations were performed for each gauging station by SWAT-CUP.




2.6. Model Evaluation


The monthly discharge performance of the model was evaluated using the Nash-Sutcliffe efficiency (NSE) index [65] and the coefficient of determination (R2):


   NSE =   1 −    ∑  i = 1  n     (   O i  −  S i   )   2     ∑  i = 1  n     (   O i  −  O ¯   )   2      
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where Oi and Si are the observed and simulated values, n is the total number of paired values,     O ¯     is the mean observed value, and    S ¯    is the mean simulated value.



In this study, monthly NSE was deemed satisfactory at >0.5 [66] and daily and monthly R2 satisfactory at >0.5 [66].





3. Results


3.1. Discharge and Sediment Calibration


For discharge and sediment calibration, the following parameters, presented in (Table 2), were calibrated.



For the calibrated parameter set, the average annual rainfall of the total simulation period over the area of the catchment is 364 mm·yr−1. The model predicted the potential evapotranspiration to be 1301.4 mm·yr−1, and runoff as 26.16 mm·yr−1.



In this study, only the monthly calibration of flow without validation was performed because there were several difficulties with calibration due to the poor measurement of daily water flow in the gauging stations (renovations of the limnimetric scales and maintenance of the stations need to be undertaken). The flow was calibrated at nine gauging stations. Monthly simulated discharges were satisfactorily correlated to observations for the calibration periods, except for the A4 station (Figure 3, Table 3). It should be noted that the values of the performance of the model evaluation parameters were more satisfactory in the upstream portion, with NSE varying between 0.5 and 0.75 and R2 between 0.49 and 0.84, while in the downstream part NSE between 0.42 and 0.59 and R2 between 0.25 and 0.62 were found.



The hygrogram of the Tafna River modelled by SWAT (Figure 4) showed that a large proportion of surface water came from surface runoff (59%) and lateral flow (40%), while the contribution of groundwater was insignificant (1%).



The results of sediment calibration are shown in Figure 5.



Figure 5 compares graphically measured and simulated daily sediment yield values for the calibration. Although the observed data were limited, sediment estimation by the model showed that simulated and measured sediment yields were in a similar range for the calibration period.



The annual simulations for each sub-catchment (Figure 6) show that rainfall (Figure 6A) varied between 270 and 550 mm·yr−1, and the largest quantity (450–550 mm·yr−1) was in the Tlemcen Mountains sub-basins. The potential evapotranspiration (Figure 6B) was between 993 and 1300 mm in the downstream portion, while it was between 1300 and 1500 mm in the entire basin. Surface runoff (Figure 6C) varied between 0 and 120 mm·yr−1 (semi-arid catchment). The highest values were located in the upstream sub-basin (between 10 and 30 mm), while the lowest were downstream (between 0 and 10 mm). The rate of soil erosion ranged from 0 to 0.2 t·ha−1·yr−1 (Figure 6D), and the eastern upstream basins were identified as areas with high soil erosion in the Tafna.




3.2. Impact of Dams on Water Balance and Sediment Loading


To assess the impact of dam construction on water balance and sediments, the SWAT model was run both with and without dams.



3.2.1. Impact of Dams on Water Balance


Figure 7 shows the average annual basin value for water balance, calculated as a relative percentage of average annual rainfall.



The results of the simulation between 2000 and 2013 (Figure 7) show that the construction of the dams did not disturb the Tafna water balance.



The simulation results (Figure 8) reveal that dams greatly reduced the quantity of water arriving at the outlet of the Tafna between 2003 and 2013. A large amount of water was stored in five reservoirs (49%). This difference is significant according to ANOVA (p = 0.006 <0.05).




3.2.2. Impact of Dams on Sediment


The cumulative annual sediment load was also compared at the outlet of the basin (Figure 9) to quantify the amount of sediment stored in Tafna’s dams.



The SWAT simulation showed that the reservoirs in these basins stocked a large amount of sediment, in excess of 27,000 t·yr−1 (90%). Large quantities were retained mainly during flood events, representing 87%–95% of the annual sediment export.






4. Discussion


Simulation results between 2003 and 2011 showed that the model adequately predicted the watershed hydrology of the Tafna River. These values remained consistent with the values published by ANRH , which were based on a series of observations between September 1965 and August 2002 [46,47,50] concerning runoff (SWAT value = 26.16 mm·yr−1; ANRH (10–100 mm·yr−1)), potential evapotranspiration (SWAT value = 1301.4 mm·yr−1; ANRH (900–1400 mm·yr−1)), rainfall (SWAT value = 364 mm·yr−1; ANRH (250–550 mm·yr−1)) and limited groundwater resources [48]. The Tafna was characterized by very irregular flow with frequent dry summers, indicating very limited permanent reserves [67]. This study confirmed those results, affirming the good performance of SWAT in Mediterranean Karstic semi-arid watersheds [68].



The fraction of transmission losses from the main channel that enter the deep aquifer, the deep aquifer percolation fraction, and the curve number were the most sensitive parameters for stream flow. The value of the first parameter was 0.211, and the second parameter varied between 0.176 and 0.673. The Tafna sub-basins are essentially formed by semi-permeable and permeable formations that cover the whole surface of the basin, thus increasing the infiltration of surface water [69]. It was also evident that the curve number was the third most sensitive factor, varying relatively between −0.5 and 0.09. In a study of the Hathab river in Tunisia, the curve number ranged relatively between −0.5 and +0.5 [70]. In another study in Hamadan–Bahar watershed in Iran, this parameter ranged relatively between −0.32 and 1.02 [71]. These results confirmed the effect of land use spatial heterogeneity on runoff spatial heterogeneity in semi-arid catchments [72].



The results were analyzed by computing the coefficients of efficiency and determination on a monthly basis for nine water flow gauges. Multi-gauge calibration is an important step in developing a reliable watershed model in semi-arid watersheds, because the single outlet calibration of the watershed in arid and semi-arid regions can be misleading and thus requires spatial calibration to capture the spatial heterogeneity and discontinuities in the watershed [73]. Goodness-of-fit indices were satisfactory for discharge for the monthly calibration period. The Nash-Sutcliffe efficiencies at the nine flow gauges ranged from 0.42 to 0.75 and the coefficient R2 was varying from 0.25 to 0.84 for the calibrated monthly flow for sub-basins for the period from January 2003 to August 2011. It should be noted that the upstream basin stations (A1, T3, A2, A6, A3) that had a less anthropic influence had higher index efficiencies (Nash varying between 0.50 and 0.75 and R2 varying between 0.49 and 0.84) than the downstream stations (A4, A5, T8), which had a lower index efficiency (Nash varying between 0.42 and 0.59 and R2 varying between 0.25 and 0.62). These are influenced by domestic and industrial waste from the major cities of Tlemcen and Maghnia in Algeria and Oujda in Morocco. In a study of the Medjerda River basin in Tunisia, the authors found a range of Nash-Sutcliffe efficiencies between 0.31 and 0.65, and range of coefficient R2 between 0.62 and 0.8 [40]. In another study on the semi-arid river of the Hamadan-Bahar watershed in Iran, the authors found a Nash-Sutcliffe efficiency range of between 0.33 and 0.77, and a range of coefficient R2 of between 0.38 and 0.83 [68]. The calibrated SWAT model can be used successfully to predict the volume inflow to the dams and facilitate the storage and release of water [44].



Gaps between observed and simulated flow values were partly explained by errors in observed and simulated values [31]. Uncertainty in the observed discharge values came from the precision of the sensor and the use of a rating curve. Errors in simulated values could be attributed to actual local rainfall storms that were not well represented by the SWAT rainfall data interpolation [31]. The model could not capture the small peaks. Aside from the uncertainty attributed to the precipitation input, the SCS curve number method, which works on daily rainfall depths, does not consider the duration and intensity of precipitation. Representing this precipitation characteristic is necessary for semi-arid watersheds, where high-intensity short-duration precipitation occurs [74].



There were few observed suspended sediment data because, ANRH measures sediment once a month (sometimes there are no measurements) and sampling during flood periods is problematic. It is very difficult to assess the quality of the model performance as suspended matter sampling was not systematically performed for all storms, while the major losses of suspended matter occur during a small number of intensive rain events [39]. However, it was noticed that the simulated values were in the same range as the observed values. A similar observation was made in a study in Tunisia where the predicted concentrations of suspended matter were in the order of magnitude of the measured concentrations [39]. However, the low sampling frequency and lack of detailed land use and land management data did not allow an in-depth evaluation of the SWAT performance. It is recommended that future studies collect data at a greater frequency and spread along the river stretch [39]. Despite these shortcomings, the results from this study were still useful for representing the measured data [75]. The USLE soil erodibility factor, USLE equation support practice factor and peak rate adjustment factor for sediment routing in the main channel were the three sensitive parameters for sediment calibration. The value of the first parameter was 0.005, the second varied between 0.003 and 0.8, and the value of the third was 0.18.



A quantification of changes in water balance is necessary, especially after the construction of dams, for integrated watershed management in order to identify their effects on the basin [18]. The simulation results showed a considerable reduction in the quantity of water arriving at the outlet of the Tafna between 2003 and 2013, with a large amount of water stored in five reservoirs (49%). This decrease in flow downstream, which represents 18% of the basin surface, can affect the irrigated agricultural zone, especially as most of this land depends on Tafna water.



The comparison between the cumulative annual sediment load at the outlet with and without dams shows that reservoirs stock a large quantity of sediment, in excess of 27,000 t·yr−1 (90%). Large quantities are retained mainly during flood events, representing 87%–95% of the annual sediment export. In the Koiliaris river in Greece, flood events account for 63%–70% of the annual sediment export in a wet or dry year [68]. Between 37% and 98% of sediment settles in North African reservoirs [76]. These deposits contribute around 2%–5% of the yearly loss of water storage capacity [77]. The mean annual suspended sediment flux in North African rivers was estimated to be 254 million tons [78]. This storage reduces the lifetime of dams. The results of this study showed the need to implement a water resources management strategy to reduce reservoir sediment deposition, as in Tunisia where there are contour ridges for water harvesting in semi-arid catchments. The result was checked using the SWAT model in the Merguellil catchment (central Tunisia) and the contour ridges for water harvesting retained a large proportion of the entrained sediment (26%) [18].




5. Conclusions


In the present study, the hydrological SWAT model was applied to the Tafna River, which is a semi-arid basin. The model reproduced water flow and sediment in all gauging stations. The model’s weakness at simulating runoff for some months was probably due to errors in the observed values and to the poor representation of small peaks. The weakness of the model at simulating sediment was due to the improper runoff simulation and the nature and accuracy of the measured sediment data.



Prediction of runoff and soil loss is important for assessing soil erosion hazards and determining suitable land uses and soil conservation measures for a catchment [75]. In turn, this can help to derive the optimum benefit from the use of the land while minimizing the negative impacts of land degradation and other environmental problems. As there are limited data available from the study region, the model developed here could help assess different land management options [75].



The application of the model enabled an evaluation of the contribution of the different compartments of the basin to surface water. SWAT has shown that a large proportion of surface water comes from surface runoff and lateral flow, while the contribution of groundwater was insignificant. It was also noted that the application of the model gave a general idea of the impact of dam building on water balance and sediment in the Tafna semi-arid watershed. It highlighted that a large amount of water (49%) was stored in five reservoirs, decreasing the water flow in the downstream part of the basin, and could affect the irrigated agricultural zone, especially as most of this land depends on Tafna water. The dams of the Tafna have been built for the supply of drinking water and for irrigation. However, according to statistics of the National Agency of Basin and Transfer (ANBT) from January 2003 to July 2011, the largest dam basin (Hammame Boughrara) is devoted exclusively to drinking water.



These hydraulic structures were observed to stock a large quantity of sediment—in excess of 27,000 t·yr−1 (90%). Large quantities were retained mainly during flood events, representing 87%–95% of the annual sediment export. The results of this study showed the need for the implementation of a better water resources management strategy such as reforestation, and contour ridges for water harvesting upstream of the reservoirs to reduce the amount of sediment transported by the river. This is particularly important with dams in semi-arid and arid regions where water resources are limited and vary greatly with more intense low flow episodes and where rivers transport a high quantity of sediments, in order to reduce the siltation of dams and increase their lifetime. In fact, hydrological models such as SWAT demonstrate that it is a useful tool for understanding hydrological processes, even when the amount of measured data available is poor. It can be useful for identifying the most appropriate location for reservoirs and optimizing them to reduce their impact on water resources [18].



However, a general problem in watershed modelling that still needs to be addressed is the limited availability of data, especially in terms of measured water quality for calibrating and validating these models. The lack of a long time series of sediment with a daily time step and high spatial resolution limited this study’s ability to evaluate the simulations [18].



Finally, the results obtained were very encouraging. SWAT allows the dynamics of water and sediment on the Tafna to be correctly represented. This model can be useful for understanding the impact of sediment transport on the water storage capacity of dams in a semi-arid region.
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Figure 1. Location of the Tafna River catchment and its dams and gauging stations (A: located in tributaries; T: located in the main watercourse). 
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Figure 2. (a) 30 m digital elevation model; (b) main soils; (c) main land uses; and (d) SWAT DEM delineated sub-basins of the Tafna catchment 
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Figure 3. Monthly simulated and observed discharge (m3·s−1) at the gauging stations (calibration period: January 2003–August 2011). 
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Figure 4. Hygrogram of the Tafna at the outlet modelled by SWAT (SURQ: surface runoff/LATQ: lateral flow/GWQ: groundwater flow/PREC: rainfall). 
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Figure 5. Daily simulated and observed sediment (t·day−1) at the gauging sediment stations. (There is no observed data after 2006). 
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Figure 6. Inter-annual averages for each sub-catchment between 2000 and 2013. (A) rainfall (mm·yr−1); (B) Hargreaves potential evapotranspiration (mm·yr−1); (C) simulated surface runoff loads (mm·yr−1); (D) simulated sediment yield (t·ha−1·yr−1). 
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Figure 7. Impact of dams on average annual water balance as a relative percentage to precipitation. 
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Figure 8. Impact of dams on flow at the outlet of the basin. 
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Figure 9. Cumulative annual sediment load at the outlet of the basin between 2003 and 2013. 
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Table 1. Characteristics of the dams built in the Tafna catchment.
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Dams

	
Capacity (Mm3)

	
Construction Date

	
Used for






	
Beni Bahdel

	
65.5

	
1952

	
Drinking water/irrigation




	
Hammame Boughrara

	
177

	
1998

	
Drinking water/irrigation




	
Mefrouche

	
15

	
1963

	
Drinking water




	
Sikkak

	
30

	
2005

	
Drinking water/irrigation




	
Al Izdahar (Sidi Abdeli)

	
110

	
1988

	
Drinking water/irrigation
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Table 2. Calibrated parameter values with a ranking of the most sensitive parameters (Rank 1 = most sensitive).
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Parameter

	
Definition

	
Units

	
Initial Range

	
Calibrated Range

	
Rank






	
Parameters related to flow

	
CN2.mgt

	
SCS runoff curve number for moisture condition II

	

	
[35; 98]

	
[38.5; 94]

	
3




	
SOL_Z.sol

	
Depth from soil surface to bottom of layer

	
(mm)

	
[0; 4500]

	
[1500; 3500]

	
16




	
SOL_AWC.sol

	
Soil available water storage capacity

	
(mm H2O/mm soil)

	
[0; 1]

	
[0.116; 0.169]

	
7




	
SOL_K.sol

	
Soil conductivity

	
(mm·h−1)

	
[0; 2000]

	
[4.71; 180]

	
14




	
ALPHA_BF.gw

	
Base flow alpha factor characterizes the groundwater recession curve

	
(days)

	
[0; 1]

	
[0.055; 0.975]

	
4




	
GW_DELAY.gw

	
Groundwater delay: time required for water leaving the bottom of the root zone to reach the shallow aquifer

	
(days)

	
[0; 500]

	
[89.223; 176.363]

	
13




	
GW_REVAP.gw

	
Groundwater ‘‘revap’’ coefficient: controls the amount of water which evaporates from the shallow aquifer

	

	
[0.02; 0.2]

	
[0.069; 0.191]

	
9




	
REVAPMN.gw

	
Threshold depth of water in the shallow aquifer for ‘‘revap’’ to occur

	
(mm)

	
[0; 1000]

	
[185; 892.294]

	
12




	
RCHRG_DP.gw

	
Deep aquifer percolation fraction

	

	
[0; 1]

	
[0.176; 0.673]

	
2




	
ESCO.hru

	
Soil evaporation compensation coefficient

	

	
[0; 1]

	
[0.50; 0.86]

	
5




	
OV_N.hru

	
Manning's "n" value for overland flow

	

	
[0.01; 30]

	
[0.177; 0.823]

	
11




	
CH_N2.rte

	
Manning’s ‘‘n’’ value for the main channel

	

	
[−0.01; 0.3]

	
[0.01; 0.2]

	
10




	
CH_K2.rte

	
Effective hydraulic conductivity of main channel

	
(mm·h−1)

	
[−0.01; 500]

	
[58; 406]

	
8




	
EVRCH.bsn

	
Reach evaporation adjustment factor

	

	
[0.5; 1]

	
0.669

	
6




	
TRNSRCH.bsn

	
Fraction of transmission losses from main channel that enter deep aquifer

	

	
[0; 1]

	
0.211

	
1




	
SURLAG.bsn

	
Surface runoff lag coefficient

	

	
[0; 1]

	
2.15

	
15




	
Parameters related to sediment

	
USLE-K.sol

	
USLE soil erodibility factor

	
0.013 (t·m2·hr)/(m3·t·cm))

	
[0; 0.65]

	
0.005

	
1




	
USLE-P.mgt

	
USLE equation support practice factor

	

	
[0; 1]

	
[0.003; 0.8]

	
2




	
PRF.bsn

	
Peak rate adjustment factor for sediment routing in the main channel

	

	
[0; 1]

	
0.18

	
3
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Table 3. Model performance for the simulation of runoff.
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Stations

	
NSE

	
R2






	
A1

	
0.67

	
0.7




	
A2

	
0.67

	
0.7




	
A3

	
0.53

	
0.58




	
A4

	
0.42

	
0.25




	
A5

	
0.59

	
0.62




	
A6

	
0.5

	
0.49




	
T3

	
0.75

	
0.84




	
T4

	
0.66

	
0.73




	
T8

	
0.51

	
0.53
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