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Abstract

:

Today, in developing countries, the low surface water distribution efficiency and the lack of supplying water needs of farmers by surface water resources are compensated by excessive aquifer water withdrawal. This mismanagement has caused a sharp drop in the groundwater level in many countries. On the other hand, climate change and drought have intensified the pressure on water resources. This study aims to evaluate novel strategies for developing surface water distribution systems for stress reduction of the Najafabad aquifer in Isfahan, central plateau of Iran. The performance of several strategies for agricultural water distribution and delivery, such as hydro-mechanical operating system, manual-based operating system, and centralized automatic operating system, was evaluated in this study. In the first step, two indices, i.e., water distribution adequacy and dependability, were obtained using a flow hydraulic simulation model. Then, the water distribution adequacy map and amount of reduction in the water withdrawal of existing wells were determined for each strategy. Finally, using the MODFLOW groundwater simulation model, the changes in groundwater levels due to the normal and drought scenarios (15 and 30%) were extracted during five years for each strategy. The findings for the normal scenario showed that the centralized automatic operating system strategy had the most significant impact on agricultural water management in the surface water distribution system with a 30% increase in agricultural water distribution adequacy index compared to the current situation. This strategy increased the groundwater level by 11.6 m and closed 35% of the groundwater wells. In this scenario, the hydro-mechanical operating system strategy had the weakest performance by increasing the aquifer level by only 1.31 m. In the 15% and 30% drought scenarios, the centralized automatic operating system strategy exerted the best performance among other strategies by increasing the aquifer water level by 10.18 and 9.4 m, respectively, compared to the current situation. Finally, the results showed that the spatial segmentation of the aquifer exerted better efficiency and better monitoring in the more susceptible regions.
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1. Introduction


Withdrawal of groundwater resources has increased six-fold over the past century, yet one-third of the world’s population is currently under water stress [1]. Due to population growth and climate change, the pressure on water resources has increased worldwide, especially in arid and semi-arid regions [1,2,3]. The Middle East, North Africa, and the Mediterranean countries are under constant water stress due to the lack of permanent access to surface water, which has led to groundwater being used as a reliable source in these areas [4]. However, excessive exploitation for drinking, industrial, and agricultural uses [5,6] causes depletion of groundwater storage capacity [7], land subsidence [8], ecosystem damage [9], and seawater intrusion [10]. In addition, drought is one of the crucial factors that has intensified the pressure on groundwater resources [11,12,13]. The need for surface water resources has increased with increasing temperature, followed by increased competition in the groundwater withdrawal [3,14,15,16]. In view of this, access to groundwater resources is becoming more critical in warmer and more populous communities [17,18]. In most tropical countries, groundwater is mainly used for agricultural purposes, especially irrigation [19,20]. Modern irrigation methods can create a balance in water supply and demand and allow crop production in semi-desert lands [21]. On the other hand, these methods now use about 90% of the world’s freshwater resources [5].



The widespread distribution of groundwater resources and low-cost infrastructure facilities have led to more than 40% of the world’s regions and 60% of the United States being equipped with irrigation systems [22]. Studies show that the lack of regular maintenance of water distribution systems [23] and the lack of appropriate equipment [24] are among the factors that cause the inability of these systems to supply the water needed by farmers. For example, the total irrigation efficiency of surface water distribution systems in Iran fluctuates between 15 and 36% [25]. Additionally, in a study in Ethiopia, the results showed that 76% of the water transferred to the farm using the traditional distribution systems are wasted [26]. Poor network performance in terms of adequacy and dependability of surface water distribution has made agriculture increasingly dependent on groundwater resources [24]. In a study, Barkhordari et al. (2020) investigated the effects of operation automation on reducing losses in Oklahoma, United States. The operation modeling was performed by the centralized model predictive controller [27]. The modeling results showed that the strategy could be a safe and practical technique to reduce losses due to improper performance of water structures in irrigation and thus improve water efficiency.



The surface irrigation water distribution systems vulnerability becomes apparent under water shortage conditions. Different configurations for automation of these surface water distribution systems have been conducted using various centralized and decentralized techniques to promote farmers’ trust in surface water distribution processes and reduce groundwater extraction [28]. In other words, canal automation projects were initially employed in surface water distribution systems to increase farmers’ flexibility in agricultural water delivery. In this regard, a wide range of the control algorithms, from classical-based to machine learning-oriented approaches, have been extensively employed to meet multiple operating surface water distribution systems objectives [29,30]. Most studies in this field employ a hydraulic simulation model to simulate water distribution by comparing variations of delivered water and agricultural water demand at each catchment and eventually evaluating the performance of the surface water distribution. In this regard, flow hydraulics simulation models such as SOBEK, EPA-SWMM, HEC-RAS, CANALMAN, and SIC or open-source academic models such as ICSS based on the numerical solution of Saint-Venant equations with different numerical schemes are used to achieve the desired objective [31,32]. The high accuracy and reliability of automatic control methods have caused extensive application of automatic control algorithms in the surface water distribution and replacement of controllers with an operator and numerical models with simplified analytical models [33,34,35,36,37].



Although groundwater use as a complementary source to surface water improves the performance of exploitation systems in terms of equity and dependability in water distribution, excessive groundwater withdrawal has adverse effects on the condition of aquifers [38]. For example, 277 plains out of the main 609 plains throughout Iran are in critical water condition [15]. In this regard, proper groundwater management has become a crucial matter globally [13] that should be addressed by planning and providing accurate and practical strategies for recovering groundwater aquifers [39,40,41].



Considering that it is necessary to find novel and improved approaches for reducing groundwater over-exploitation and providing possibilities for aquifer recovery and recharge, the surface water distribution systems’ operation—supplying the demanded water in the irrigation districts—needs to be upgraded. The direct impacts of these systems’ modernization strategies can improve the reliability of the surface water distribution for the farmers, resulting in shut down of pump stations, and providing appropriate recovery time for the aquifers located beneath the irrigation districts. On the other hand, novel modernization strategies should also consider climate change impacts and specifically drought periods as critical factors. In view of this, we aimed to (a) investigate the capabilities of a novel automatic surface water distribution operating system as an aquifer balancing strategy in drought conditions, and (b) to spatially assess the automatic operating system impacts using a groundwater modelling system. To fulfill the objectives, we i) developed a hydraulic simulation model using the integral-delay method to simulate the surface water distribution, ii) simulated groundwater exploitation by considering each strategy, with numerical modeling using the MODFLOW for an arid plain in Central Iran, iii) evaluated the surface water distribution system’s performance under two operation scenarios for normal (without water shortage) and drought (including 15% and 30% water deficit at the canal’s head-source) conditions, and iv) monitored short-term groundwater levels (i.e., five year) after the surface water distribution system’s modernization.




2. Materials and Methods


2.1. Study Area


As one of the main areas of the Gavkhouni basin, the Najafabad alluvial aquifer (32°18′–32°50′ N, 50°53′–51°42′ E) is located in the central plateau of Iran. It includes hilly areas (679 km2) and plains (1076 km2). The average annual precipitation, evaporation, and temperature recorded in the area are 175 mm, 2231 mm, and 14.6 °C, respectively. The general groundwater flow throughout the aquifer is from northwest to southeast. Moreover, the maximum groundwater elevation in this aquifer is equal to 1840 m, observed in the northwest, while the minimum elevation is 1540 m, observed in the center due to the excessive pumping of exploitation wells. The Zayanderoud river drains the Najafabad aquifer by passing through the area. During the last decade, climate change and prolonged droughts in the area have undesirably affected the interactions of the aquifer and the river, resulting in a groundwater level decrease and a smaller water discharge from the aquifer to the river [30]. Figure 1 shows that approximately 532 km2 (54% of the area) of the Najafabad region is covered by agricultural lands, meadows cover more than 252 km2 (25%), and the rest includes urban areas and rock.



Because of the high density of exploitation wells in the middle areas of the plain, a conical sinking is observed. According to the Groundwater Budget Report (2012), the flow in southeastern areas of the aquifer is in a northeast–southwest direction. The bedrock comprises shales belonging to the second geological period and is classified as formable rocks. Therefore, water transfer through these plates is at a minimum. The middle and southeastern regions of the aquifer have established transmissivity curves. The amount of transmissivity reaches a maximum of 2000 m2/day in southeastern areas, while its minimum value is 250 m2/day.



Annually, 29.4 mm of rainwater infiltrate directly to the aquifer, with a volume of 26 MCM (million cubic meter). Moreover, the estimated infiltration of surface runoff is about 189.2 MCM. About 883.1 MCM per year are extracted from the exploitation wells, from which 860.2, 17.2, and 5.7 MCM are used in agriculture, industry, and urban water supply, respectively. Irrigation infiltration and industrial–urban return flow are 424.8 and 58.9 MCM/year, respectively. The evaporation from the watershed is 0.8 MCM/year due to the shallow depth of the water table in some parts of the study area. The yearly water level drop of the aquifer is 1.3 m. In addition, the over-exploitation compared to the groundwater aquifer balance is estimated at 138 MCM [42].



An area of 29,000 ha is covered by the Nekouabad surface water distribution network. The network is located in 13 separate areas in the Najafabad aquifer (Figure 1). The Zayanderoud dam located upstream of the basin is the primary source of the water supply of the network. In the last years, undesirable agricultural water distribution management has resulted in a 30 to 40% decrease in inflow to the agricultural water distribution network. Thus, today’s agriculture in the study area is more based on groundwater resources than surface water. About 72% of the annual withdrawals (370 MCM) of 15,000 exploitation wells are consumed by the Nekouabad surface water distribution system, and the rest by other uses.




2.2. Simulation of Surface Water Distribution Management


The flow rate delivered to each catchment along the main canal of the network was determined by simulating the flow hydraulics to evaluate the current management of the surface water distribution network. The MATLAB 2018b programming environment was used to develop a mathematical model for the flow hydraulics in the main canal of the surface water distribution system to exchange information between the model and the controller. Several mathematical models have been introduced for the design of the controllers, each with its own weaknesses and strengths [43,44,45]. The integral-delay model, first proposed by Schormans (1997), is a widely used model in water systems projects for the automation of irrigation canals because of its simplicity and high reliability [43,44,45,46,47]. In this study, the integral-delay model was used for flow simulation in the study canal.



2.2.1. Performance Evaluation Indices


The water distribution adequacy and dependability indices were used to investigate the performance of agricultural water management by applying balancing strategies in the surface water distribution network. The adequacy and dependability indices examine the distribution quality and distribution time, respectively. The adequacy index is calculated by Molden and Gates [48]:


   P A  =  1 T    ∑  T  (  1 R    ∑  R  (     Q D     Q R     )  



(1)




where PA is the adequacy index for the entire system, T is the study period, R is the total number of measured catchments, QD is the delivered flow, and QR is the required flow.



The dependability index is obtained from the Molden and Gates [49] method:


   P D  =  1 R    ∑  R  C  V T  (    Q D     Q R    )  



(2)







This index means the reliability of agricultural water distribution performance over time in each subcomponent (upstream, middle, and downstream) under the control of the agricultural water distribution system, where PD is the dependability index for the whole system, and CVT is the coefficient of variation.    Q D    is the actual amount delivered by the system and    Q  R     is the amount of water required for consumption use. The interpretation of these indices is shown in Table 1 [38].




2.2.2. Aquifer Balancing Strategies


Four strategies were selected to improve the agricultural water distribution management: hydro-mechanical operating system, manual-based operating system (with two different approaches: manual-based operating system A and manual-based operating system B), and centralized automatic operating system.




2.2.3. Hydro-Mechanical Operating System


The control of water level is one of the main goals of using water structures. Changing the type of reservoirs of surface water distribution systems from Neyrpic module reservoirs to sliding valves [50] is one of the strategies studied here (Figure 2). The flow rate through Neyrpic reservoirs usually changes once a day due to the lack of operator, and they are usually fully open or closed. However, sliding valves can adjust the flow rate to the desired level several times a day and are much easier to operate.




2.2.4. Manual-Based Operating System


Water delivery scheduling (manual-based operating system A) strategy was developed to determine effectiveness of conventional management in the agricultural water distribution system for the main canal (Figure 3). In this strategy, the catchments upstream of the main canal collected water in half (or a part) of the agricultural water management time, and the downstream catchments were closed. In contrast, water was available for the lower catchments in the other half, and the upstream did not receive water [50].



Increasing the inflow and reducing the flow time in the main canal manual-based operating system B. Manual-based operating system B was developed in brainstorming sessions based on the conventional experimental management method for agricultural water distribution. It considered reducing the time of inflow to the reservoirs to half of the normal surface water distribution system while doubling the inflow volume to the reservoirs.




2.2.5. Centralized Automatic Operating System


As an automatic controlling technique, the centralized automatic operating system involved an optimization procedure for calculating the water level in water distribution systems (van Overloop, 2006). The centralized automatic operating system controls the water level of each downstream unit based on the target water level by adjusting the controlling structures located above each unit (Figure 4). The controller calculates the settings of the structures by predicting flow hydraulics in a specific time horizon using a simplified mathematical model of the canal flow hydraulics. In this study, the linear state-space model obtained from the discrete Saint-Venant equation was used as the internal model predictive controller [51].



To simulate the water system control, the state-space model was used to express the internal model, which allows a multivariate formulation of linear models to be compressed. The model used for the canal system can generally be expressed in the form [51]:


    x ( k + 1 ) = A ( k ) · x ( k ) +  B u  · u ( k ) +  B d  · d ( k )     y ( k ) = C · x ( k )    



(3)




where X is the flow status in the main canal (usually, the water level at the target point), u is the control action calculated by the controller (the change of the state of the adjusting structure), d is the predicted disturbance, and k is the time interval. A, Bu, and Bd are the system matrix, the control coefficient matrix, and the disturbance coefficient matrix, respectively. The formulation of this equation depends on the type of internal model selected for the system. Examples of internal models include the Saint-Venant equations, the integral-delay model, and a uniform flow section.



The objective function formulates the objectives that the controller is trying to achieve. The objective function consists of a set of sub-objectives that might be conflicting. Minimizing the movement of adjusting structures versus proper control of water levels at canal reaches is an example of such conflicting objectives. Equation (4) shows the objective function for the canal system of this problem [51]:


   min    J =  X T  · Q · X +  U T  · R · U  



(4)




where J is the objective function that should be minimized, X is the state variables, U is control operators, Q is the weight matrix for the state variables, and R is the weight matrix for the control operators. By defining href as the objective function parameters and defining the error function in the form of Equation (5) and its substitution in Equation (3), the error function in each unit can be calculated based on the inlet and outlet flows [51,52]:


  e ( k ) = h ( k ) −  h  r e f    



(5)









2.3. Numerical Modeling of the Groundwater


As stated in the objectives, we aimed to introduce novel agricultural water management strategies that can prevent over-exploitation of groundwater resources by improving the efficiency of the surface water distribution system. Therefore, the MODFLOW 2000 code and groundwater modeling system (GMS 10.4.1) software were used to simulate the effects of water balancing strategies [53,54]. In this study, 40 observation wells were used as observation points, and the aquifer was considered as a 500 × 500 m grid network. A total of 17 inlet sections with an inflow capacity of 49.6 MCM to the aquifer were selected. Moreover, there was no groundwater outflow from the aquifer because of the excessive groundwater withdrawal and the cone created in the area. October of the 2015–2016 water year was considered as a study period for steady-state analysis due to having the slightest fluctuations in water level. Furthermore, a period from November of 2015–2016 water year to the September of 2017–2018 water year was used for model calibration in monthly unsteady-state analysis. The storage coefficient was used for model calibration in steady conditions, while specific yield in the open water table was used to calibrate the model in unsteady conditions.




2.4. Drought Scenarios


Specific changes in the inflow to the main canal of the study area were considered as operating scenarios. The purpose of presenting various scenarios of agricultural water management was to investigate the conditions of water distribution in the main canal due to applying strategies for the improvement of the agricultural water management performance. Two general drought scenarios were considered based on the actual conditions that have occurred in the study area: the normal scenario and 15 and 30% drought scenarios.



In the normal scenario, the inflow to the main canal is the same as the flow that normally entered the main canal on the days of operation. According to climate change and meteorological data, it was decided to reduce the inflow to the main canal by 15 and 30% to simulate the drought conditions. The ability of the developed strategies in improving the water distribution process under these scenarios was examined in this study.





3. Results


3.1. Adequacy and Dependability Indices of Agricultural Water Distribution in the Normal Scenario


The water distribution adequacy index was obtained for all 13 reservoirs in the main canal using the delivered flow rate obtained from the hydraulic simulation model. The average change of water distribution adequacy index in the current conditions from 90% in the first reservoir (L1) to 69% in the last reservoir (L13), as well as poor results of the water distribution dependability index (Table 2), show the improper and inefficient management of the water distribution network. Due to a decrease in inflow, there was a remarkable vulnerability in the downstream reservoirs, and the network could not meet the reservoirs’ needs. As a result, there is a need to use groundwater resources as a complementary source of water. According to Table 2, the balancing strategies improved the adequacy and dependability of water distribution along the main canal. The adequacy index improved by 6, 7, 10, and 30%, using the balancing strategies of hydro-mechanical operating system, manual-based operating system A, manual-based operating system B, and centralized automatic operating system, respectively, compared to the existing situation of the surface water distribution system.



As expected, centralized automatic operating system showed the best performance by reducing operator error and automating the distribution process. In contrast, hydro-mechanical operating system exerted the weakest performance among the balancing strategies despite a slight performance improvement compared to the current management condition of the distribution system. The results indicated an increase in the regions with performance improvement, which was 7, 8, 11, and 30% for hydro-mechanical operating system, manual-based operating system A, manual-based operating system B, and centralized automatic operating system, respectively. Depending on how much the water distribution adequacy index has improved in each region, the wells located in these areas have faced a desirable decrease in withdrawal between 40 and 75%. There were even no longer needs for some wells to be used and they were closed (Figure 5 and Table 3).



The most undesirable adequacy index was obtained using the hydro-mechanical operating system strategy. In this strategy, 88 wells were closed completely, and the withdrawal from the remaining wells was reduced. The results indicated that manual-based operating system B performed better than the conventional agricultural water distribution method and hydro-mechanical operating system. The number of wells being closed using this strategy was 2.2 times that of manual-based operating system A and 7.1 times that of hydro-mechanical operating system. In the best case, the centralized automatic operating system strategy resulted in closing 2494 wells, and 3701, 990, and 17 wells experienced a withdrawal reduction by 75, 50, and 40%, respectively.



3.1.1. Adequacy and Dependability Indices of Agricultural Water Distribution in the 15% Drought Scenario


The simulation results in the 15 % drought scenario showed a better performance of centralized automatic operating system compared to other balancing strategies. Using this strategy, all reservoirs were in good and fair conditions in terms of water distribution dependability and adequacy indices, respectively. However, only three reservoirs were in fair conditions in the current situation, and the rest of the reservoirs were in an unstable state (Table 4). A comparison of the water distribution adequacy map in the current sitution and the map of each balancing strategy indicated an increase in the regions with the performance improvement, which was 5, 7, 15, and 40 % for hydro-mechanical operating system, manual-based operating system A, manual-based operating system B, and centralized automatic operating system, respectively (Figure 6).



The specific yield varied between 2 and 18 %, while this value was in the range of 8 to 16% in the central portion of the aquifer (Figure 6a). The maximum value of hydraulic conductivity was about 38 m/day in the western region of the aquifer. Due to the sedimentation of fine particles, the lowest hydraulic conductivity values were observed in the south of the aquifer (Figure 6b). Finally, the constructed model showed highest sensitivity to the hydraulic conductivity, while the specific yield had the least effect on groundwater changes.




3.1.2. Adequacy and Dependability Indices of Agricultural Water Distribution in the 30% Drought Scenario


The results obtained from flow hydraulics simulation in terms of adequacy and dependability indices of water distribution showed the weakness of the current agricultural water distribution management system and the superiority of the centralized automatic operating system balancing strategy in the 30% drought scenario over other proposed strategies (Table 5). By applying balancing strategies, the number of reservoirs in stable or good conditions increased in comparison with the existing situation.





3.2. Numerical Modeling of Groundwater


Groundwater models can be used to study the behavior of a system in current and future conditions. Therefore, to simulate the effects of water withdrawal reduction strategies in improving the water delivery situation in the surface water distribution network as well as the optimal use of surface water resources, the numerical model of groundwater simulation of the Najafabad aquifer was obtained using MODFLOW. The performance of balancing strategies developed in this study were investigated on the condition of the aquifer in the next five years. The specific yield in the open water table was used to calibrate the model in unsteady conditions. In addition to this parameter, the recharge values and input and output fronts were also calibrated. The error evaluation criteria of mean error, mean absolute error, and root mean squared error of the calibration were 0.035 m, 0.79 m, and 0.93 m, respectively, indicating the high performance of the model in the unsteady flow regime. Based on the simulation results, the specific yield in the open water table varied between 1 and 20%. Then, the model results were used in the unsteady period considering the normal and drought scenarios. The conceptual model used was distributive and could indicate the effectiveness and performance of each agricultural water management method in each aquifer part.



3.2.1. Aquifer Situation in the Next Five Years Due to the Normal Scenario


After calibrating and validating the numerical model, the balancing strategies were used to simulate and predict the future situation of the aquifer in a short period, i.e., the next five years. The effects of these strategies on the aquifer can be seen on a map using the groundwater modeling system model (Figure 7). The groundwater maps of the model show the remarkable effectiveness of balancing strategies on the aquifer, so that in the best case, applying the fourth balancing strategy in a 5-year period increased the aquifer level by 11.6 m and reduced the aquifer withdrawal by 16%.



The average groundwater level rise under the influence of the manual-based operating system A, manual-based operating system B, and hydro-mechanical operating system strategies were 3.74, 3.06, and 1.31 m, respectively. Among the proposed strategies, the hydro-mechanical operating system, despite more structural changes than the manual-based operating system A and manual-based operating system B strategies in the surface water distribution system, showed a more unsatisfactory performance. However, this strategy was able to improve agricultural water management compared to the current situation. Figure 8 shows that the exploitation resources, as well as agricultural and arable lands, are mainly located in the central and southern regions of the aquifer. Therefore, the effects of the strategies on these regions are quite obvious.




3.2.2. Aquifer Situation in the Next Five Years Due to the 15% Drought Scenario


After applying the 15% drought scenario, the hydro-mechanical operating system, manual-based operating system A, manual-based operating system B, and centralized automatic operating system strategies caused a change in groundwater level by 1.13, 2.60, 3.22, and 10.18 m, respectively (Figure 8). About 15% drought scenario had the highest (15%) and lowest (12.2%) effects on the manual-based operating system B and centralized automatic operating system strategies, respectively. Similar to the results of the normal scenario, the centralized automatic operating system strategy had the most significant impact on the aquifer and reduced the groundwater withdrawal by 12% compared to the current situation. Hydro-mechanical operating system, manual-based operating system A, and manual-based operating system B reduced groundwater withdrawal by 5, 4, and 5%, respectively.




3.2.3. Aquifer Situation in the Next Five Years Due to the 30% Drought Scenario


In the 30% drought scenario, hydro-mechanical operating system, manual-based operating system A, manual-based operating system B, and centralized automatic operating system increased the groundwater level by 0.89, 2.41, 2.85, and 9.4 m, respectively, compared to the current situation (Figure 7). The 30% drought scenario had the highest (32%) and lowest (19%) effects on the hydro-mechanical operating system and centralized automatic operating system strategies, respectively, indicating the effectiveness of the centralized automatic operating system strategy in low water seasons or droughts such as recent years in the study area. Similar to the normal and 15% drought scenarios, the centralized automatic operating system strategy had the greatest impact on the aquifer and reduced the groundwater withdrawal by 10% of the total yearly exploitation (825.4 MCM) in the current situation. Moreover, hydro-mechanical operating system, manual-based operating system A, and manual-based operating system B reduced groundwater withdrawal by 2, 4, and 3%, respectively.






4. Discussion


A flow hydraulic simulation model was used to evaluate balancing strategies in managing the surface water distribution system. The adequacy and dependability indices were calculated using the outflows obtained from the model. These indices indicate the suitability of distribution quality and distribution time in the surface distribution system, respectively. The normal scenario improved both indices for all strategies compared to the current situation. However, the centralized automatic operating system strategy showed the best performance with a 30% improvement in the water distribution adequacy index, while the hydro-mechanical operating system strategy showed the weakest performance with a 7% improvement.



The inefficiency of the hydro-mechanical operating system strategy might be because this method continued the procedure of adjusting the water level as before, and the only difference with the current situation was replacing the Neyrpic module reservoirs with sliding valves. Although sliding valves are more adjustable than Neyrpic module reservoirs, their operation requires more personnel than the Neyrpic reservoirs, and due to the reduced human resources because of the lack of maintenance budgets in the current situation, the structures could be adjusted only once a day. Therefore, it is not possible to significantly improve the efficiency of the water distribution system using the hydro-mechanical operating system strategy. Thus, the structural changes in the surface water distribution system should be performed on a small scale and not along the main canal.



Increasing the volume of inflow to the surface water distribution system in the manual-based operating system B strategy in a lower time increases the speed of water distribution and reduces the losses due to transmission. This is one of the advantages of the manual-based operating system B strategy over 1. Hydro-mechanical operating system and manual-based operating system A. Manual-based operating system A and manual-based operating system B, with a slight difference in performance, showed a good improvement in the water distribution indices. Figure 8 shows that in the 15 and 30% drought scenarios, the hydro-mechanical operating system and manual-based operating system A strategies were greatly influenced by the drought scenarios, and therefore, if selected, should be among the last priorities. In contrast, centralized automatic operating system was affected to a lesser extent among all the study strategies (Figure 8). The results of groundwater level simulation showed the superiority of centralized automatic operating system and manual-based operating system B methods in groundwater level rise by 11.6 and 3.74 m, respectively, in the normal scenario and almost the same ratio in drought scenarios compared to other strategies (Figure 8). This indicates that if financial resources are available in drought conditions, the centralized automatic operating system strategy and, otherwise, manual-based operating system B will be suitable for aquifer rehabilitation.



According to previous studies on aquifers throughout the world, drilling deep wells, uncontrolled withdrawal, and climate change are among the most critical problems that have led to a decrease in groundwater levels in aquifers. In this regard, practical storage and recovery strategies were introduced to reduce the withdrawal of groundwater resources by increasing or decreasing the number of effective parameters in the balance [54]. There are also a variety of aquifer recharge methods, including constructing recharge wells and pits, flood scattering, and recharge intensification using various water resources such as surface water, urban and agricultural effluents [54,55,56,57,58], and floods [59]. These strategies can be limited due to the need for excess water resources for recharge, sedimentation problems, and clogging of the recharge area [56], and restrictions on the choice of recharge area [19,57].



The main limitations of the above methods common in aquifer recovery are: (i) it is not possible to implement these strategies accurately in the whole aquifer, and (ii) climate change, such as drought that intensifies the pressure on water resources, is not usually considered in these strategies. Because of these two limitations, even if a strategy improves the condition of the aquifer in the short-term, it is not possible to generalize its outcomes for long-term periods.



The main difference between the approach considered in this study and the previous studies is that by improving the surface water distribution adequacy index, the areas with the withdrawal reduction were identified. The spatial scattering of the aquifer improved focused monitoring in vulnerable areas. In this situation, monitoring the entire aquifer is replaced by monitoring limited areas that have water shortage problems. Additionally, the reduction of groundwater withdrawal due to the improvement of surface water distribution reduced the use of pumps for groundwater withdrawal by farmers and thus reduced energy. This can encourage farmers to maximize the productivity of available surface water and minimize groundwater withdrawal. Combining the surface water exploitation model and groundwater simulation in a 5-year period by considering various balancing strategies, the present study is a first investigation on (i) spatial scattering of groundwater reduction areas, (ii) improving surface water distribution system by limiting the vulnerable areas, and (iii) evaluating various aquifer groundwater balancing techniques.




5. Conclusions


This study investigated the performance of groundwater balancing strategies for the Nekouabad surface water distribution system in Najafabad, Iran, by considering normal and drought (15 and 30%) scenarios. In this regard, water distribution adequacy and dependability indices were calculated for each strategy in all operation scenarios using a flow hydraulic simulation model prepared in the MATLAB programming environment. Then, the amount of withdrawal from the exploitation wells was obtained to compare the strategies. The results entered the groundwater simulator model using the MODFLOW code, and the changes in groundwater level were predicted for the next five years.



According to the results, in the normal scenario, using modern equipment and automatic control, the centralized automatic operating system strategy significantly affected the agricultural water distribution system with a 30% improvement in surface water distribution adequacy than the existing situation. It increased the groundwater level by 11.6 m over five years. Additionally, in this scenario, the hydro-mechanical operating system strategy exerted the weakest performance with an increase of 1.31 m in groundwater level. This trend continued in the 15 and 30% drought scenarios, and centralized automatic operating system, with 10.18 and 9.8 m, and the hydro-mechanical operating system with 1.13 and 0.89 m groundwater level rise had the highest and least impact on the aquifer, respectively. In the normal scenario, manual-based operating system A and manual-based operating system B, with a 3.06 and 3.74 m increase in groundwater level, had almost similar effects on the aquifer, followed by similar trends in the 15 and 30% drought scenarios. In the absence of sufficient funds to equip the surface water distribution system with centralized model predictive controller, manual-based operating system A and manual-based operating system B are good alternatives for water distribution management, so that the manual-based operating system B strategy, only by changing the discharge strategy and minor structural changes, it was possible to improve the agricultural water distribution adequacy index by 10% and the groundwater level by 3.74 m. Combining the surface water exploitation and the groundwater simulation models and defining the drought scenario by examining the climatic conditions of the region are among the novelties of this work.



It should be noted that the proposed strategies are applicable only in areas where there is combined exploitation of surface water and groundwater. For future research, it is suggested to investigate the effectiveness of the introduced strategies in short, medium, and long-term periods using factor-based models. Moreover, the interaction among farmers, exploitation team, surface water distribution system management, and regional water management can be studied in the future to determine what educational and extension methods should be conducted to improve the interactions between the farmers and the regional water organization to reduce the withdrawal from the exploitation wells.
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Figure 1. Location of the study area and the investigated aquifer. 
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Figure 2. (a) Neyrpic module reservoir, (b) Sliding valve. 
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Figure 3. Schematic of water delivery scheduling (manual-based operating system A). 
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Figure 4. Centralized automatic operating system (note: 0: represents computing-controlled variable and 1: represents the hydraulic variable measured by sensors). 
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Figure 5. Spatial distribution map of adequacy and area of exploitation wells. 
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Figure 6. Groundwater model map simulated by MODFLOW, (a) calibrated specific yield, (b) calibrated hydraulic conductivity. 
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Figure 7. Groundwater level rise under the influence of balancing strategies in normal and drought scenarios (15 and 30%). 
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Figure 8. Aquifer hydrograph after applying alternative management strategies. 
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Table 1. Molden and Gates’ standard for adequacy and dependability indices.
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Index

	
Performance Class




	
Good

	
Mediocre

	
Poor






	
    P A    

	
0.9–1

	
0.8–0.89

	
<0.8




	
    P D    

	
0–0.1

	
0.11–0.20

	
>0.2
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Table 2. Number of reservoirs in the Nekouabad surface water distribution system in each category of adequacy and dependability indices of water distribution after the application of the strategies in a normal scenario.
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Aquifer Balancing Strategy

	
Adequacy Index

	
Dependability Index




	
Good

	
Fair

	
Poor

	
Good

	
Fair

	
Poor






	
HMOS 1

	
2

	
4

	
7

	
1

	
4

	
8




	
MBOS 2A

	
2

	
5

	
6

	
2

	
4

	
7




	
MBOS B

	
4

	
6

	
3

	
4

	
3

	
6




	
CAOS 3

	
13

	
0

	
0

	
13

	
0

	
0




	
Current system

	
0

	
3

	
10

	
0

	
1

	
12








1 hydro-mechanical operating system, 2 manual-based operating system, 3 centralized automatic operating system.
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Table 3. Number of wells with a reduction in the withdrawal after application of the strategies.
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Aquifer Balancing Strategy

	
Being Closed

	
Number of Operational Wells




	
75%

	
50%

	
40%






	
HMOS

	
88

	
1240

	
5830

	
44




	
MBOS A

	
289

	
1233

	
5664

	
16




	
MBOS B

	
627

	
1521

	
5050

	
4




	
CAOS

	
2494

	
3701

	
990

	
17
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Table 4. Number of reservoirs in the Nekouabad surface water distribution system in each category of adequacy and dependability indices of water distribution after the application of the strategies according to the 15% drought scenario.






Table 4. Number of reservoirs in the Nekouabad surface water distribution system in each category of adequacy and dependability indices of water distribution after the application of the strategies according to the 15% drought scenario.





	
Aquifer Balancing Strategy

	
Adequacy Index

	
Dependability Index




	
Good

	
Fair

	
Poor

	
Good

	
Fair

	
Poor






	
HMOS

	
2

	
2

	
9

	
1

	
4

	
8




	
MBOS A

	
1

	
3

	
9

	
1

	
3

	
9




	
MBOS B

	
3

	
3

	
7

	
3

	
1

	
9




	
CAOS

	
0

	
13

	
0

	
13

	
0

	
0




	
Current system

	
0

	
1

	
12

	
0

	
2

	
11
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Table 5. Number of reservoirs in the Nekouabad surface water distribution system in each category of adequacy and dependability indices of water distribution after the application of the strategies due to the 30% drought scenario.
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Aquifer Balancing Strategy

	
Adequacy Index

	
Dependability Index




	
Good

	
Fair

	
Poor

	
Good

	
Fair

	
Poor






	
HMOS

	
0

	
3

	
10

	
0

	
4

	
9




	
MBOS A

	
0

	
2

	
11

	
0

	
4

	
9




	
MBOS B

	
0

	
5

	
8

	
0

	
5

	
8




	
CAOS

	
0

	
13

	
0

	
13

	
0

	
0




	
Current system

	
0

	
0

	
13

	
0

	
3

	
10
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