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Abstract

:

At the basin scale, the operation of surface water reservoirs rarely takes groundwater aquifers into consideration, which can also be regarded as reservoirs underground. This study investigates the impact of reservoir operation on the water cycle and evaluates the effect of the joint operation of surface water and groundwater reservoirs on the water conflict in arid regions through an integrated modeling approach. The Heihe River Basin (HRB) in northwestern China is selected as the study area. Our results show that the ecological operational strategies of a reservoir under construction in the upper HRB have a direct impact on the agricultural water uses and consequently affect other hydrological processes. The ecological operation strategy with a smaller water release and a longer duration is beneficial to securing the environmental flow towards the downstream area and to replenishing aquifers. With the joint operation of surface water and groundwater reservoirs, a balance among the agriculture water need, the groundwater sustainability in the Middle HRB and the ecological water need in the Lower HRB can be flexibly achieved. However, the joint operation can hardly improve the three aspects simultaneously. To resolve the water conflict in HRB, additional engineering and/or policy measures are desired.
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1. Introduction


Irrigation plays an indispensable role in agricultural water supply when rainfall is not sufficient to sustain crop growth. Currently, the irrigated cropland produces more than 40% of the total cereal yield worldwide [1,2]. Globally, about 54% of the total irrigated area is dependent on surface water (SW) such as rivers, lakes, artificial canals and reservoirs [3]. Meanwhile, in arid and semi-arid regions of the world where surface water is not abundantly available, groundwater (GW) abstraction is often required for irrigation purposes. According to Siebert et al. [4], the total area irrigated by groundwater is nearly 114 million hectares globally. In most arid and semi-arid regions, irrigation with groundwater has experienced a considerable increase over the past few decades mainly due to the growing demand for agricultural products and the changing climate [5]. In the North China Plain, one of China’s most important agricultural regions, approximately 73% of the groundwater extraction is used for irrigation [6]. In the United States, around 60% of the irrigation relies on groundwater, especially in California’s Central Valley and the High Plains [7]. Surface water reservoirs are enlarged natural or artificial lakes, storage ponds or impoundments created using a dam or lock to store water. Operating several surface water reservoirs next to each other collectively in order to serve a defined single purpose has become a common practice. A groundwater aquifer, although buried and unseen, can also act as a lumped water storage unit with a known capacity, which resembles a surface water reservoir [8]. Therefore, using groundwater pumping for irrigation can, in principle, be conceptualized as operating surface water reservoirs. Kundzewicz and Döll [9] analyzed the potential of using the natural storage capacity and the buffering effect provided by groundwater reservoirs to cope with highly variable surface water supply in different years. Scanlon et al. [10] further discussed the possibility of utilizing groundwater reservoirs to better adapt to climate extremes in California's Central Valley and central Arizona.



Taking groundwater as a part of the reservoir chain and considering the joint effect of surface water and groundwater reservoirs simultaneously is a relatively new research topic [11]. For instance, Castle et al. [12] assessed the influence of conjunctive surface water and groundwater use on water availability in the Colorado River Basin by estimating the water storage change of both surface water and groundwater reservoirs from satellite images. Fuchs et al. [13] quantified the resilience of the agricultural system that depends on the conjunctive use of surface and groundwater in the Rincon Valley. Nikoo et al. [14] established optimal operation scheduling rules for a reservoir-river-groundwater joint system through data mining. To our knowledge, however, it is rarely reported that both surface water and groundwater reservoirs are operated jointly for water resources conservation via integrated surface water-groundwater modeling.



Increasing demand for irrigation has created human-nature water conflicts and therefore posed many challenges in water resources management. Such a problem is especially serious in arid and semi-arid regions. As an example, the Heihe River Basin (HRB), our study area, has witnessed this conflict gradually developing in the past 30 years. HRB is the second largest endorheic river basin in China and is agriculturally intensive. In the late 1990s, the growing irrigation in the Middle HRB (MHRB) significantly decreased the streamflow available for the Lower HRB (LHRB) and therefore deteriorated the ecological conditions [15,16,17,18]. To protect the fragile ecosystems in the Lower HRB, the central government restricted the surface water diversion since 2000 in the Middle HRB [19]. However, the restriction of surface water usage led to a significant increase of groundwater pumping in the Middle HRB, since it was not strictly regulated [20]. Recently, the construction of a new reservoir in the upper HRB basin has been approved, which aims to enhance the water resources management in the basin. However, how the new reservoir may change the water cycle in the middle and Lower HRB has not been systematically investigated by fully accounting for the groundwater reservoir effect, which motivated this study. Therefore, the main objectives of this study are: (1) to quantify the impact of the new reservoir in the upper HRB on the water cycle in the middle and Lower HRB; and (2) to evaluate the effect of the joint operation of surface water and groundwater reservoirs on the water conflict in HRB, based on integrated surface water-groundwater modeling. Overall, this study provides insights into the water resources management in arid regions.




2. Data and Methods


2.1. Study Area


The Heihe River Basin (HRB) is a typical endorheic river basin in the arid region in the northwest of China. It is located between 97.1° E–102.0° E and 37.7° N–42.7° N. The entire basin can be divided into the upper, middle and lower stream areas, with very different landscapes. The upper stream basin is characterized by a mountainous area on the northern margin of the Qinghai-Tibetan Plateau. It is densely vegetated with forests and grasslands. The Middle HRB is dominated by the Gobi Desert, while many irrigated farmlands exist inside the oases. The Lower HRB is mainly a desert with very little vegetation. More than 30 rivers originated in the upstream area bring approximately 3651 million m3 of water per year to the midstream area. The largest stream, namely the Heihe River, has a length of 928 km. It originates from the Qilian Mountains, flows towards the north and ends in a terminal lake, the East Juyan Lake (EJL), in the Gobi Desert. Yingluoxia (YLX) and Zhengyixia (ZYX) are usually regarded as the starting points of the midstream and lower stream of the Heihe River, respectively (see Figure 1). In the upstream, the Heihe River has a major tributary called Babaohe River, which flows into the main stream within the vicinity of the municipality Huangzangsi where the new reservoir is under construction. Daily streamflow measurements are carried out at four gaging stations as indicated by the blue points in Figure 1. Qilan, YLX and ZYX gaging stations are located at the main stream of the Heihe River, and Zhamashike gaging station is located at the Babaohe River. Annual streamflow through Qilian, Zhamashike, YLX and ZYX is 8,204,801,770 and 1010 million m3, respectively.



In the midstream area, the most common crops are corn and winter wheat. A complicated aqueduct system has been developed in this area. The basic unit for water resources management is called an irrigation district. There are 17 irrigation districts to which stream water from the middle stream of the Heihe River is diverted. Only water consumption from the agricultural sector is considered in these irrigation districts in this study. According to the statistics by the local water resources authority, in 2000–2012, agriculture in the 17 irrigation districts consumed approximately 1860 million m3 of water per year, 80% of which was diverted from the main Heihe River, and the rest was pumped from the local groundwater aquifer. To secure the environmental flow towards the lower stream under different hydrological conditions, a water allocation plan has been implemented since 2000. For example, in a normal year (i.e., the annual flow from Yingluoxia reaches 1580 million m3), the flow through Zhengyixia should be no less than 950 million m3. Since 2000, diversion of the stream flow has been restricted in the midstream area, which has resulted in a substantial increase of groundwater pumping. In recent years, the groundwater pumping has also been regulated. Thus, the agriculture in the midstream area is now facing a great risk of irrigation water shortage [21]. The water resources authorities have therefore been resorting to hydraulic engineering measures, such as reservoirs, in order to mitigate the water shortage problem in the irrigation districts.



In fact, in the past decades, many surface water reservoirs have been built in the natural low-lying lands along the Heihe River in the midstream area. As of 2012, there were 20 reservoirs with a total water storage of 48.65 million m3. This amount is able to irrigate more than 20,000 ha of farmland. All these reservoirs are replenished by diverting water from the Heihe River, except the one named Shuangquanhu, which is replenished by natural springs. However, the storage capacity of the existing reservoirs is quite small, compared to the irrigation demand. In addition, the loss of water through evaporation is non-negligible, which is approximately 17 million m3 per year, accounting for more than 1/3 of the total reservoir storage. Therefore, as planned, all the plain reservoirs will stop operating in the near future, except the Shuangquanhu Reservoir. Instead, a large reservoir named Huangzangsi is now being built in the upper mountainous area (Figure 1). The total storage of the Huangzangsi Reservoir is approximately eight-times larger than the sum of all the existing plain reservoirs. More information about this reservoir is provided in Section 2.3. It is expected that, with this new reservoir, the irrigation demand in the midstream area can be better met, and the environmental flow towards the lower stream area can be more secured. This provides a unique opportunity to study the joint operation of the surface water and groundwater reservoirs in the HRB in order to alleviate the human-nature water conflict.




2.2. Hydrological Model


GSFLOW (Coupled Groundwater and Surface Water Flow Model) (Version 1.1.6, U.S. Geological Survey, Reston, VA, U.S.) is the model applied in the present study. It is an integrated surface water-groundwater model developed by the United States Geological Survey (USGS), which can simulate all the major hydrological processes of the terrestrial water cycle [22]. GSFLOW couples the Precipitation-Runoff Modeling System (PRMS) (Version 3.0.5, U.S. Geological Survey, Reston, VA, U.S.) with the Modular Mroundwater Flow Model (MODFLOW-2005) (Version 1.9.1, U.S. Geological Survey, Reston, VA, U.S.) to simulate both the surface water hydrology (top of the plant canopy to the root zone) and the three-dimensional groundwater (the base of the root zone to the base of the aquifers) movement. In the surface water domain, hydrologic response units (HRUs) are the basic computing units, which can be either regular grids or irregular polygons. GSFLOW uses a cascade method to route the overland flow and interflow between HRUs and from HRUs to streams and lakes. The subsurface domain is discretized with finite difference grids. To simulate the two-way interactions between surface water and groundwater, GSFLOW defines a “gravity reservoir” as a storage in which an HRU exchanges water with the MODFLOW grid(s) at places where they intersect. The unsaturated zone is defined as the space between the root zone and the top of the groundwater table, which is computed using the Unsaturated Zone Flow package (UZF1) [23]. Streams and lakes are simulated using the Streamflow Routing package (SFR2) [24] and Lake package [25], respectively. In reaches where the stream water is connected to the groundwater, stream-aquifer exchange is calculated based on the head difference using Darcy’s law. More details on GSFLOW can be found in Markstrom et al [22].



Tian et al. [20] improved the capacity of GSFLOW by adding two new irrigation modules, so it simulates agricultural water management activities. One of the modules is to distribute the diverted water from streams to farmlands through an aqueduct system, and the other is to distribute the abstracted groundwater to the farmlands close to the pumping wells. These two modules require daily surface water diversion rate and pumping rate as input. Since it is difficult to obtain these data, we developed a third module, the Water Resources Allocation (WRA) module, for GSFLOW recently. Besides integrating functionalities of the two irrigation modules, the WRA module enables one to simulate demand-based diversion and pumping rates. HRUs with farmlands are the basic computing units. The crop type in each HRU and the irrigation quota for each crop need to be predefined. The irrigation quota could be changed from year to year or kept unchanged throughout the entire simulation period. Based on the crop type and irrigation quota, water demand at each HRU is calculated. The demand is supplied by precipitation at first if it rains, then the remaining part is supplied by irrigation. Irrigation in each HRU is assumed to be supplied by either surface water diversion or groundwater pumping, or the combination of the two. The proportions of diversion and pumping in the total irrigation are predefined for each HRU, based on which expected diversion and pumping are first calculated. Then, actual diversion is computed by considering stream routing, and actual pumping is computed by considering the available groundwater in the aquifer. Finally, the actual diversion and pumping is distributed to HRUs by using the method in our previous study [20]. It is noted that the demand for irrigation may not be met 100%, which can be caused by insufficient stream flow or drying of the groundwater wells.



Based on the data availability, the updated GSFLOW model has been applied to the middle and lower streams of HRB over the period 2000–2012 [26]. This period includes wet, dry and normal years and is therefore representative. The model requires daily streamflow at YLX as the boundary conditions. After construction of the Huangzangsi Reservoir, the streamflow at YLX will be greatly changed based on the reservoir’s operation, which may lead to significant changes of the water cycle in the middle and lower streams of HRB. Thus, we developed a program to simulate operation of the Huangzangsi Reservoir, which is described in the following section.




2.3. The Huangzangsi Reservoir


The Huangzangsi Reservoir under construction is on the upstream of the Heihe River (Figure 2), approximately 70 km from the Yingluoxia gaging station. It receives the main stream of the Heihe River and the Babaohe River. Table 1 summarizes the physical and hydrological characteristics of the reservoir. The normal storage capacity of the reservoir ranges from 61 million m3 (the dead storage) to 356 million m3 (the normal storage). The water surface covers an area of 11.01 km2 at its normal water level. The Huangzangsi Reservoir is designed to be a multipurpose reservoir, where two main purposes are meeting the agriculture water demand by the Middle HRB and meeting the environmental flow demand by the Lower HRB. It is important to note that the reservoir is not intended to control flooding, thus the normal water level and flood control water level have the same value of 2628 m. The construction of the reservoir is expected to be finished in 2022. All of the reservoir’s information was obtained from the environmental impact assessment report provided by the Heihe River Basin Authority [27].



Our study assumes that the Huangzangsi Reservoir is operated based on its rule curves, where the time of decision, the present water level and the overall water demand are the three constraining factors. The overall water demand consists of irrigation water demand in the midstream area, the environmental flow demand in the lower stream area and the minimum base flow demand. Table 2 shows the monthly water demand for the reservoir operation. These values were derived based on statistics and hydrological observations during the period 2000–2012. The irrigation water demand was estimated based on annual statistics by the Water Bureau of the Zhangye City [26]. As Table 2 indicates, irrigation occurs mainly from March–November. The environmental flow demand in the lower stream area was estimated based on the report provided by the Heihe River Basin Authority [27]. The minimum base flow demand occurs from December in the previous year to March, and it is assumed to be 25% of the reservoir’s inflow during these months.



For the Huangzangsi Reservoir, there are only two basic rule curves, the Normal Curve (NC) and Critical Curve (CC). The values of NC and CC are determined by the normal water level and dead storage level, respectively, and they are kept unchanged throughout a year. The reservoir operates to maintain the water level below NC (2628 m) and above CC (2580 m). Based on the rule curves, there are three distinct operational strategies, which are described in Table 3. To meet the environmental flow demand, a special category of reservoir operation called environmental flow regulation is designed for the study area. Under this operation, the reservoir discharges water within a short period, and meanwhile, the irrigation districts in the Middle HRB are not allowed to divert water from the main Heihe River. This operation is to ensure that enough flow can reach the Lower HRB and replenish the terminal lake. The short period can range from 3 days–20 days, and it is scheduled in the middle of April, July, August and September.



The water balance of the Huangzangsi Reservoir under the abovementioned operation can be written as:


    S  t + 1   =  S t  +  Q t  −  R t  −  A t   e t  ,   ∀   t   



(1)




where    S t    is storage at the beginning of the period  t ;    Q t    is inflow during the period  t ;    R t    is the water release in the period  t ;    A t    is the water surface area at the beginning of the period  t ;    e t    is evaporation rate during the period  t ;    S t  ,  Q t  ,  R t    are in units of cubic meters;    A t    is in units of square meters; and    e t    is in units of meters.



The rule curves and operation strategies are used as constraints during the simulation. First, reservoir storage in any period should not exceed its normal storage and also not be lower than its dead storage:


    S  d e a d   ≤  S t  ≤  S  n o m a l   ,   ∀   t     



(2)







Second, water released in any period should not exceed the reservoir’s maximum discharge capability:


   0 ≤  R t  ≤  R  m a x   ,   ∀   t   



(3)







The reservoir’s operation is simulated at a daily time step over the period from 2000–2012. The reservoir’s daily inflow is obtained by summing daily streamflow measured at Qilian and Zhamashike gaging stations (Figure 2). The evaporation rate at the water surface is estimated by applying a factor of 0.7 to the daily Pan evaporation measured at Qilian station.



When considering the reservoir operation, the streamflow at YLX is calculated as follows:


   Q t  Y L X   =  R t  +  L t  ,   ∀   t  



(4)




where    Q t  Y L X     is streamflow at YLX;    L t    is lateral flow between the Huangzangsi Reservoir and YLX, and is calculated by subtracting the sum of streamflow at Qilian and Zhamashike from the original streamflow at YLX.




2.4. Numerical Modeling Experiments


The model is run from 2000–2012, in total 13 years, at the daily time scale. The actual simulation during that period of time without the new reservoir is considered as the baseline model. Two series of numerical simulations are designed, namely Series A and Series B, in order to reflect the situation if the new reservoir had existed. Series A is aimed at investigating the impact of the different reservoir operational strategies on the hydrological processes in the middle and Lower HRB, where demand of groundwater pumping is fixed. Series B is used to investigate the relationship between the reservoir’s operational strategy and groundwater exploitation practices in the study region. Series A specifies three environmental flow conservation schemes, which are shown in Table 4 as Experiments A1, A2 and A3. The total volume of the water released from the reservoir remains the same for the ecological flow purposes in these three experiments, while the water release for non-ecological flow purposes can still be different from one experiment to another. The duration and discharge rate of each operational strategy varies: Experiment A1 has the shortest duration and the largest discharge rate among the three experiments, while Experiment A3 has the longest duration and the smallest discharge rate. In general, a higher discharge in a single release may lead to a larger chance for the streamflow to replenish the terminal lake. Hereafter, the strategies in Experiments A1, A2 and A3 are referred to as the ecological operational strategies. For comparison, an additional experiment, Experiment A0, is also performed, in which only the basic operational strategy is applied without considering the ecological flows in the downstream.



Since groundwater recharge plays a critical role in sustaining a healthy ecosystem in the lower stream, it is important to consider the impact of groundwater abstraction together with the reservoir operational strategies. As our previous study [28] revealed, for the Middle HRB, if more groundwater is used in the irrigation districts that are closer to the river and more river water is diverted to the districts that are further away from the river, the water use efficiency for irrigation may be increased. Experiment B is designed to represent this spatial operation of the groundwater reservoir, in which the changes in pumping ratio at different irrigation districts follow the suggestion by Wu et al. [28]. The pumping ratio is defined as the percentage of groundwater in the total irrigation water supply.



Experiment B considers the ecological operational strategy in Experiment A3 (longest release duration with smallest rate), and it assumes that the irrigation water demand at all the irrigation districts remains unchanged. Essentially, Experiment B represents a joint operation of surface water and groundwater reservoirs in this region.





3. Results and Discussion


3.1. Water Balance of the Reservoir


The annual averaged water balances for years 2000–2012 at the Huangzangsi Reservoir for Experiments A0–A3 were calculated and are presented in Table 5. The calculated annual evaporation ranged from 2.9 × 106–4.8 × 106 m3. It is seen that the ecological operational strategies have an obvious impact on the reservoir’s water balance. Compared to Experiment A0, Experiments A1–A3 have much higher annual water release and much lower evaporation and storage changes.



Figure 3a demonstrates the intra-annual fluctuation of the annual average water level. All the water levels fluctuated between the normal water level (2628 m) and the dead storage level (2580 m). As we can see, without the environmental flow consideration (i.e., in Experiment A0), the effective storage of the reservoir was used twice per year: the first time from December–March in the next year, when no irrigation and environmental flow was requested; therefore, most of the inflow was stored in the reservoir, and the water level gradually increased; and the second time from July–October, when the flood season comes, and the inflow to the reservoir significantly exceeded the water demands for irrigation and ecological flow. The reservoir loses water also twice per year: the first time from April–June, when the water level declines rapidly due to the irrigation demands; and the second time in November, where the water level declines once again due to the irrigation demand for keeping enough soil moisture through winter. The fluctuation of water level in the reservoir was more complicated, since the release of environmental flow could reduce the water level in a very short time period of time. Figure 3b illustrates the intra-annual variation of daily evaporation. As can be seen, the ecological operational strategies can substantially reduce the evaporation from the reservoir, especially from April–June and in October.




3.2. Water Balance at the Middle and Lower HRB


Inflow of stream water to our model domain at Yingluoxia (YLX) was derived, following the approach introduced in Section 2.3. A set of variables was examined to evaluate the impact of the ecological operational strategies on the hydrological processes in the middle and Lower HRB systematically. Table 6 summarizes the simulation results of selected variables, which represent five key processes including agricultural water uses, streamflow, stream-aquifer interaction, groundwater flow and evapotranspiration.



The ecological operational strategies have a direct impact on the agricultural water uses, which consequently affect other hydrological processes. Under the baseline conditions (i.e., the baseline scenario), 87.39% of the total irrigation water demand in the Middle HRB (MHRB) is fulfilled. This percentage could be increased to as high as 97.67% by employing the function of the new reservoir if the environmental flow is not considered (i.e., Experiment A0). If the environmental flow is taken into consideration (i.e., Experiments A1–A3), more water is needed at the Lower HRB (LHRB), but the degree of demand fulfillment in MHRB would be reduced. For example, in Experiment A3, the annual streamflow through Zhengyixia (ZYX) reaches the maximum value (1079 million m3), but the degree of demand fulfillment (81.85%) is the lowest. Figure 4 shows the spatial patterns of the degree of demand fulfillment in the four experiments. It can be seen that the degree of fulfillment decreases in all districts from Experiment A0–Experiment A3.



The streamflow through ZYX is the environmental flow for the Lower HRB, which largely determines how much water can eventually enter the East Juyan Lake (EJL). According to the water allocation plan, the streamflow through ZYX should be 1150 million m3 per year on average in 2000–2012. However, the simulated actual flow (i.e., in the baseline scenario) did not exceed 1000 million m3 per year, and the goal of the water allocation plan was not achieved. As Table 6 indicates, the operations in Experiments A1–A3 push the environmental flow towards the goal, and the flow in Experiment A3 is very close to the goal. This suggests that a smaller water release with a longer duration is beneficial to achieve the water allocation goal.



As for stream-aquifer interaction, based on our previous study [26], three distinctive segments along the main river can be identified as either gaining or losing streams. YLX to the bridge named 312 Bridge (312B) is a losing segment, where a large amount of streamflow percolates through a thick vadose zone and recharges the aquifer. 312B to ZYX is a gaining segment as a whole, where the aquifer discharges water to the river. ZYX to the terminal lake (EJL) is another losing segment. Based on our prior understanding, the flux of water in each of the three segments due to stream-aquifer interaction are calculated. It is noted that even though small spatial-temporal variations can happen so that a sub-segment of the gain branch can turn to a losing branch for a short period of time, the multi-annual statistics show that the separations of the three segments do not change from year to year. That is, a smaller water release rate with a longer duration in the ecological operations is beneficial to the replenishment of the aquifer in the mid- and lower stream basins, especially in the lower stream segment. In addition, the amount of groundwater discharging to the gaining segment from 312B to ZYX decreases from Experiment A0–Experiment A3.



In the Middle HRB, groundwater recharge takes place mainly due to the percolation of irrigated water. Thus, when the irrigation is reduced (as seen from Experiment A1–Experiment A3), the groundwater recharge decreases accordingly. As seen in Table 6, even though there is still a negative change in the groundwater storage, the speed of decline is slower from Experiment A3–Experiment A1. This is because of the reduced groundwater recharge. Furthermore, our results suggest that the groundwater storage in the Lower HRB is recovered due to increased stream leakage in the ZYX-EJL segment from Experiments A1–A3.



Evapotranspiration (ET) in the study area largely depends on the availability of surface water. From Experiment A1–A3, when the water supply for irrigation decreases, the ET in the Middle HRB decreases accordingly. On the contrary, the simulated ET in the Lower HRB is higher in Experiment A3 than the other two experiments because more environmental flow is available in the Lower HRB for A3, and thus more surface water is available. Figure 5 demonstrates the spatial pattern of annual average ET in the Lower HRB.




3.3. Impacts of the Joint Operation


Several key hydrological variables are selected to investigate the impact of the joint operation in Experiment B. While the overall degree of demand fulfillment is similar in Experiments A3 and B (see Table 7), the spatial pattern of the degree varies. Figure 6a,b show the spatial pattern of the pumping ratio in the 17 irrigation districts in Experiments A3 and B, respectively. Figure 6c and 6d show the change in pumping ratio and the changes in the degree of demand fulfillment. It can be seen that, in the irrigation districts with IDs of 14, 15, 16 and 25 (red areas), the irrigation demand is better met in Experiment B. In contrast, in the irrigation districts with IDs of 23, 30 and 31, the irrigation demand is less met in Experiment B.



As Table 7 indicates, the change in pumping ratio changes the surface water-groundwater interactions, which in turn alters the spatial pattern of the degree of fulfillment. Figure 7 compares spatial patterns of annual average Groundwater (GW) recharge at the 17 irrigation districts. It can be seen that the GW recharge decreases in the districts that are near the river and increases in the districts that are far from the river, while the change of the total areal GW recharge is small. Overall, the decline in groundwater storage in HRB can be significantly slowed down (see ΔS in MHRB in Table 7). However, this recovery is at the cost of reduced environmental flow through ZYX (see streamflow through ZYX in Table 7).



Overall, as suggested by Table 7 and Figure 7, the groundwater operation can enhance the flexibility of the water resources management. With the joint operation of surface water and groundwater reservoir, a balance among the agriculture water need, the groundwater sustainability in the Middle HRB and the ecological water need in the Lower HRB can be easily achieved. For example, if the primary goal of the water resources management is to maintain the sustainability of groundwater in the Middle HRB, the groundwater pumping may consider the spatial pattern in Experiment B (Figure 6b). If the primary goal is to meet the ecological water need of the Lower HRB, the groundwater pumping may consider the spatial pattern in Experiment A3 (Figure 6a). However, the joint operation can hardly improve the three aspects simultaneously. To resolve the water conflict in HRB, further engineering and/or policy measures are desired, besides the reservoir development and groundwater regulation. Water-saving irrigation technologies and reducing the weight of agriculture in the regional economy are potential solutions.





4. Conclusions


This study investigates the hydrological impacts of joint operation of surface water and groundwater reservoirs in Heihe River Basin (HRB), using an integrated surface water-groundwater modeling coupled with a reservoir operation simulation model. The integrated model can simulate demand-based diversion and pumping rates, which is specifically designed for arid regions with significant agricultural irrigation. The reservoir operation model evaluates basic and ecological operational strategies. Through a set of numerical experiments, this study further addresses whether and how the joint operation could alleviate the human-water conflict in HRB.



The major findings are summarized as follows. First, based on simulation results of the reservoir operation model, the effective storage of the Huangzangsi reservoir is used twice per year, and the ecological operational strategies can substantially reduce the evaporation from the reservoir. Second, the ecological operational strategies have a direct impact on the agricultural water uses in the Middle HRB, and consequently affect other hydrological processes in the middle and Lower HRB. The ecological operation strategy that has a smaller water release with a longer duration is beneficial to achieve the water allocation goal and to the replenishment of the aquifer in the middle and Lower HRB, but such a strategy may reduce the chance to meet the agriculture water demand of the Middle HRB. Finally, with the joint operation of the surface water and groundwater reservoir, a balance among the agriculture water need, the groundwater sustainability in the Middle HRB and the ecological water need in the Lower HRB can be easily achieved. However, the joint operation can hardly improve the three aspects simultaneously. To resolve the water conflict in HRB, further engineering and/or policy measures are desired, besides the reservoir development and groundwater regulation.



Overall, our study provides insights into the water resources management in arid regions. The study results imply that reservoir operation alone, even considering both surface water and groundwater, may not be sufficient to resolve the typical human-water conflict. Future studies can investigate more management and policy measures, such as using water-saving irrigation technologies and reducing the weight of agriculture in the regional economy.
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Figure 1. The study area. 
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Figure 2. The Huangzangsi Reservoir in the upstream mountainous area and the existing small reservoirs in the plain midstream area. 
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Figure 3. Impacts of the ecological operations on the water balance of the reservoir on a multiyear average basis. (a) The daily water level; and (b) the daily evaporation from the reservoir. 
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Figure 4. The simulated degree of demand fulfillment under different operations of the Huangzangsi Reservoir. (a–d) correspond to Experiments A0–A3. 
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Figure 5. Spatial patterns of annual average Evapotranspiration (ET) in the lower stream under (a) Experiment A0, (b) Experiment A1, (c) Experiment A2 and (d) Experiment A3. 
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Figure 6. Spatial patterns of the pumping ratios in the 17 irrigation districts. (a) The actual pumping ratios over the period 2000–2012 in Experiment A3; (b) the assumed pumping ratios in Experiment B; (c) changes in the ratios from Experiment A3–B; and (d) changes in the degree of irrigation demand fulfillment. The pumping ratio is defined as the percentage of groundwater in the total irrigation water supply. 
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Figure 7. Spatial patterns of annual average Groundwater (GW) recharge at the 17 irrigation districts. (a) The annual average GW recharge in Experiment A3; (b) the annual average GW recharge in Experiment B; and (c) the change in GW recharge from Experiment B–Experiment A3. 
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Table 1. Hydrological and physical characteristics of the Huangzangsi Reservoir.
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Hydrological Characteristics

	
Value






	
Basin area above dam site

	
7648 km2




	
Annual inflow

	
1285 × 106 m3




	
Averaged annual discharge

	
40.7 m3/s




	
Maximum measured discharge

	
603 m3/s




	
Physical Characteristics




	
Maximum water level

	
2629 m (elevation)




	
Normal water level

	
2628 m (elevation)




	
Flood control water level

	
2628 m (elevation)




	
Dead storage level

	
2580 m (elevation)




	
Water surface area at normal water level

	
11.01 km2




	
Length of reservoir at normal level

	
13.5 km




	
Total storage

	
406 × 106 m3




	
Dead storage

	
61 × 106 m3




	
Normal storage

	
356 × 106 m3




	
Maximum discharge capability

	
2775 m3/s











[image: Table] 





Table 2. Monthly demands considered for the operation of the Huangzangsi Reservoir.
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Month

	
Water Demands




	
Surface Water for Irrigation (106 m3)

	
Environmental Flow (106 m3)

	
Base Flow (106 m3)






	
January

	
0

	
0

	
6




	
February

	
0

	
0

	
6




	
March

	
22

	
0

	
9




	
April

	
72

	
140

	
0




	
May

	
183

	
0

	
0




	
June

	
379

	
0

	
0




	
July

	
305

	
82

	
0




	
August

	
344

	
82

	
0




	
September

	
101

	
202

	
0




	
October

	
101

	
0

	
0




	
November

	
219

	
0

	
0




	
December

	
0

	
0

	
9




	
Total

	
1727

	
506

	
30
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Table 3. The basic operational strategies of the Huangzangsi Reservoir based on the rule curves.
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	Condition
	Operational Decision





	If storage level > Normal Curve (NC)
	Increase water release to keep storage level = NC.



	If Critical Curve (CC) < storage level ≤ NC
	Perform environmental flow regulation if required. Regulate release to meet agriculture water and base flow demands.



	If storage level ≤ CC
	Stops release to keep storage level = CC.
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Table 4. Operational strategies of the four experiments in Series A.
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A0

	
A1

	
A2

	
A3






	
Period

	
Discharge (m3/s)

	
Period

	
Discharge (m3/s)

	
Period

	
Discharge (m3/s)

	
Period

	
Discharge (m3/s)




	
N/A

	
N/A

	
April 1–5

	
324

	
April 1–10

	
162

	
April 1–15

	
108




	
July 10–12

	
318

	
July 10–15

	
159

	
July 10–18

	
106




	
August 10–12

	
315

	
August 10–15

	
158

	
August 10–18

	
105




	
September 10–15

	
390

	
September 10–21

	
195

	
September 10–27

	
130




	
N/A

	
N/A

	
Duration

	
17 days

	
Duration

	
34 days

	
Duration

	
51 days




	
Av. Discharge

	
344.5 m3/s

	
Av. Discharge

	
172.2 m3/s

	
Av. Discharge

	
114.8 m3/s




	
Total volume

	
506 × 106 m3

	
Total volume

	
506 × 106 m3

	
Total volume

	
506 × 106 m3








Note: Av. is the abbreviation of Average.
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Table 5. Annual average water balances of the Huangzangsi Reservoir under different operations.
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	Experiment
	Inflow Q (106 m3)
	Water Release R (106 m3)
	Evaporation E (106 m3)
	Storage Change ΔSr (106 m3)
	Average Water Level (Elevation) (m)





	A0
	1319.1
	1297.0
	4.8
	17.3
	2604.69



	A1
	1319.1
	1311.9
	2.9
	4.3
	2593.09



	A2
	1319.1
	1311.0
	3.0
	5.1
	2593.89



	A3
	1319.1
	1308.9
	3.2
	7.0
	2594.45
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Table 6. Key hydrological variables simulated by the Groundwater and Surface Water Flow (GSFLOW) model under different ecological operational strategies. GW, groundwater; MHRB, Middle HRB; ZYX, Zhengyixia; EJL, East Juyan Lake; YLX, Yingluoxia; LHRB, Lower HRB.
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Hydrological Process

	
Variable

	
Baseline Scenario

	
Ecological Operations (Experiment ID)




	
A0

	
A1

	
A2

	
A3






	
Agricultural water uses

	
SW diversion in MHRB (106 m3)

	
1456

	
1672

	
1483

	
1402

	
1336




	
GW pumping in MHRB (106 m3)

	
403

	
405

	
405

	
405

	
405




	
Total supply in MHRB (106 m3)

	
1859

	
2078

	
1888

	
1807

	
1741




	
Degree of demand fulfillment (%)

	
87.39

	
97.67

	
88.76

	
84.97

	
81.85




	
Streamflow

	
Streamflow through ZYX (106 m3)

	
994

	
807

	
972

	
1030

	
1079




	
Streamflow entering EJL (106 m3)

	
74

	
33

	
61

	
68

	
74




	
Stream-aquifer interaction

	
Stream leakage in YLX-312B (106 m3)

	
466

	
480

	
459

	
466

	
476




	
GW discharge in 312B-ZYX (106 m3)

	
−462

	
−484

	
−468

	
−461

	
−455




	
Stream leakage in ZYX-EJL (106 m3)

	
543

	
518

	
553

	
569

	
583




	
Groundwater flow

	
Areal recharge in MHRB (106 m3)

	
462

	
461

	
462

	
400

	
389




	
Areal recharge in LHRB (106 m3)

	
6

	
6

	
6

	
9

	
10




	
ΔS in MHRB (106 m3)

	
−86

	
−64

	
−81

	
−84

	
−86




	
ΔS in LHRB (106 m3)

	
15

	
6

	
11

	
14

	
16




	
Evapotranspiration

	
ET in MHRB (106 m3)

	
1473

	
1566

	
1564

	
1458

	
1433




	
ET in LHRB (106 m3)

	
1038

	
859

	
858

	
1055

	
1090








Note: ΔS is storage change in the saturated zone; a negative value indicates loss of water with respect to initial storage, and a positive value indicates gain of water with respect to initial storage.
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Table 7. Key hydrological variables simulated by the GSFLOW model under Experiments A3 and B.
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	Variable
	A3
	B
	Difference (Percentage Change)





	SW diversion in MHRB (106 m3)
	1336
	1307
	−0.29 (−2.14%)



	GW pumping in MHRB (106 m3)
	405
	409
	0.04 (0.79%)



	Total supply in MHRB (106 m3)
	1741
	1716
	−0.25 (−1.45%)



	Degree of demand fulfillment (%)
	81.85
	80.66
	−1.19 (−1.45%)



	Streamflow through ZYX (106 m3)
	1079
	1031
	−0.48 (−4.49%)



	Stream leakage in YLX-312B (106 m3)
	476
	458
	−0.18 (−3.82%)



	GW discharge in 312B-ZYX (106 m3)
	−455
	−384
	−0.71 (−15.59%)



	Areal recharge in MHRB (106 m3)
	389
	388
	−0.01 (−0.39%)



	Areal recharge in LHRB (106 m3)
	10
	9
	−0.01 (−6.97%)



	ΔS in MHRB (106 m3)
	−86
	−39
	0.47 (54.40%)



	ΔS in LHRB (106 m3)
	16
	13
	−0.03 (−22.31%)







Note: ΔS is storage change in the saturated zone; a negative value indicates loss of water with respect to initial storage, and a positive value indicates gain of water with respect to initial storage.
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