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Abstract

:

This study aims to develop a reservoir operation rule adding downstream environmental flow release (EFR) to the exclusive use of irrigation water supply (IWS) from agricultural reservoirs through canals to rice paddy areas. A reservoir operation option was added in the Soil and Water Assessment Tool (SWAT) to handle both EFR and IWS. For a 366.5 km2 watershed including three agricultural reservoirs and a rice paddy irrigation area of 4744.7 ha, the SWAT was calibrated and validated using 21 years (1998–2018) of daily reservoir water levels and downstream flow data at Gongdo (GD) station. For reservoir water level and streamflow, the average root means square error (RMSE) ranged from 19.70 mm to 19.54 mm, and the coefficient of determination (R2) and Nash–Sutcliffe efficiency (NSE) had no effect on the improved SWAT. By applying the new reservoir option, the EFR amount for a day was controlled by keeping the reservoir water level up in order to ensure that the IWS was definitely satisfied in any case. The downstream mean wet streamflow (Q95) decreased to 5.70 m3/sec from 5.71 m3/sec and the mean minimum flow (Q355) increased to 1.05 m3/sec from 0.94 m3/sec. Through the development of a SWAT reservoir operation module that satisfies multiple water supply needs such as IWR and EFR, it is possible to manage agricultural water in the irrigation period and control the environmental flow in non-irrigation periods. This study provides useful information to evaluate and understand the future impacts of various changes in climate and environmental flows at other sites.
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1. Introduction


Through industrial development, groundwater resources have been built in rural areas through new land development, groundwater use and river renovation, and this flow has changed water availability due to river regulation in more than half of the world’s rivers [1]. However, due to such development small and medium-sized streams face severe stream drying phenomena because of the distortion of the hydrological circulation system [2]. Agricultural reservoirs in small river basins located upstream of rural areas have been severely dried. The hydrological circulation process has been artificially cut off because of the priority placed on the supply of agricultural water. Environmental flow has been introduced to recover the hydrological cycle distorted by environmental changes such as urbanization, groundwater use, and river cover. Agricultural areas in South Korea have been exposed to severe conditions by long-term drought during the past decade, and the severely abnormal drought of 2013–2017 has resulted in water shortages and insufficient flow to maintain aquatic ecosystems. To mitigate the stream drying phenomena, including the water quantity and water quality of small and medium-sized streams, environmental flow release (EFR) is necessary.



Water can be allocated to environmental needs as an environmental flow with regulated patterns. Two major paradigms are well known for EFR regimes in altered rivers: (1) the natural flow regime and (2) the expected regime. In regions with high seasonal agricultural water demand, the release of EFR from the reservoirs to the lakes is a challenge when water is used for irrigation shortly after its release [3,4,5,6,7,8,9]. There are more than 200 methods used worldwide for the calculation of EFR, and these methodologies are divided into four broad categories: hydrological approaches, hydraulic rating, habitat simulation, and holistic methods [10,11]. However, available data for small and medium-sized streams are limited, and only rivers that are recognized for their importance such as national rivers and regional primary rivers are considered in South Korea. Therefore, an accurate calculation formula is not available, and most EFRs in small and medium-sized streams have a role as agricultural reservoirs [11,12,13].



In South Korea, 17,649 agricultural reservoirs have been developed to secure water for agricultural activities. The amount of agricultural water in South Korea is 15.2 billion m3, approximately 61% of the available water resources [12]. As of 2014, 80.8% of the paddy area was supplied by agricultural facilities, of which 59.9% was supplied by reservoirs [14]. In 2009, as the need for EFR increased, the Korea Rural Community Corporation (KRC) implemented an agricultural reservoir heightened embankment project to increase the capacity of 110 agricultural reservoirs located on middle and upper reaches. The agricultural reservoir heightened embankment project smoothly supplied irrigation water requirements (IWR) and stream maintenance in agricultural areas, and reinforced reservoirs vulnerable to disaster [12,14,15]. However, in order to supply EFR, the water level in the reservoir from mid-April to mid-May—which is the time of IWR for the following year—should be considered from the time when agricultural activities conclude. Therefore, it is necessary to build an operation rule for agricultural reservoirs that satisfies both IWR and EFR, unlike the existing rule [16].



Various studies in South Korea on water requirement operations have been performed using other models or by updating the HOMWRS (Hydrological Operation Model for Water Resources System) model, which was developed for single reservoir design [17,18,19,20]. Since the above model was developed individually, it is difficult for other researchers to link it and integrate information. Because of the advantage of using the semi-distributed runoff model, evaluation of various scenarios can be used, and research on the development of agricultural reservoir management and operation techniques is ongoing based on the SWAT model [21,22]. Cau and Paniconi [23] studied irrigation applications using optimum irrigation management, where the irrigation supply was specified by the water requirements of crops for SWAT. Piniewski et al. [24] assessed changes in the environmental flow regime of the reservoir system caused by climate change using SWAT and a continental model of water availability. Although these studies do not consider a combination of IWR and EFR, many studies have attempted to optimize reservoir operation by combining SWAT and a probabilistic algorithm [25,26,27]. Therefore, if a SWAT model capable of simulating IWR and EFR is developed, it can quickly establish the optimized reservoir operating rule accordingly.



In this study, the SWAT was improved to consider both the IWR and EFR of agricultural reservoirs simultaneously. The reservoir operation rules were estimated by considering the IWR and EFR in the agricultural reservoir according to the restricted water level. First, the SWAT was calibrated and validated, and the resulting difference of SWAT and improved SWAT was confirmed. Second, the reservoir storage rate change was investigated when considering IWR and EFR in the improved SWAT. Third, we tried to estimate the reservoir operation rules by checking the downstream flow rate change (Figure 1).




2. Irrigation Water and Environmental Flow Module Development


2.1. Irrigation Water Requirement Calculation of Paddy Rice


The irrigation water requirement model (IWRM) was developed to calculate the daily-basis IWR in rice paddy fields and use the input data for the improved SWAT reservoir module. The IWRM calculates the daily paddy rice consumption of water, and the reservoir release amount based on daily weather conditions, evapotranspiration, percolation with soil information, canal water delivery, and management of water loss. The model allows the management of irrigation scheduling for a determined ponding depth during the rice cultivation period. The model considers sufficient rainfall and evaluates the irrigation practices of farmers, and manages reservoir water levels in the case of normal and water deficit periods during drought with partial irrigation conditions.



The water balance method is used to calculate irrigation schedules in IWRM, which means that the incoming and outgoing (Table A1) water flows from the rice paddy field are monitored. The calculation procedures used in IWRM are based on the Food and Agriculture Organization of the United Nations (FAO) publication of the Irrigation and Drainage Series, namely, No. 56 Crop Evapotranspiration-Guidelines for computing crop water requirements [28] and computer models for irrigation and drainage textbook [29].



To calculate crop evapotranspiration in paddy fields, the Penman–Monteith equation is used to calculate the reference evapotranspiration. The consumptive use estimation for irrigated crops is determined by the crop coefficient–reference ET procedure. Reference ET is computed for a hypothetical reference crop as in Equation (1)


  E  T c  =  K c  × E  T 0   



(1)




where ETc is the crop evapotranspiration (mm/day), Kc is the crop coefficient, and ETc is the reference evapotranspiration (mm/day). In this study, the paddy rice Kc value suggested by KRC (2017) was used.



Effective rainfall (ER) is the amount of available water from rainfall for crop growth, except for surface runoff loss. During irrigation seasons, ER depends on rainfall amount, rainfall intensity, topography, soil infiltration rate, soil moisture, water management practices, and other parameters [30]. Therefore, the water balance relationship can be considered for determining the actual water supply. A generalized water balance equation for a given period in a rice field is as follows:


  P  D t  = P  D  t − 1   + I  R t  + R  F t  − E  T t  + I  F t  − S  R t   



(2)




where t is the time (day), PD is the ponding water depth (mm) in the field, IR is the irrigated water (mm), RF is the rainfall (mm), IF is the soil infiltration (mm), and SR is the surface runoff in the paddy field outlet (mm). In Equation (2), the storage terms are not considered because the soil is nearly saturated during rice growth. Rainfall below 5 mm/day is considered ineffective rainfall [31]. The outlet height in the paddy field is 80 mm, and irrigation is supplied to control ponding water depth for each growth stage, as suggested by Jang et al. [32].



Consumptive water use is calculated as the sum of ETc and IF considering the phenological stages of the rice paddy. Typically, rice is grown in South Korea from April to October using transplanting cultivation. Approximately 10% of the total paddy field area is directly seeded every year [29]. During the current irrigation period recommended by the KRC [33], transplantation is conducted from mid to late May over 10 days, and most farming is conducted from late May to mid-September during 110 days in the central region of South Korea.



Net irrigation water requirement (NIWR) is defined as the depth of water required to compensate for water loss through evapotranspiration of disease-free crops growing in large fields and to achieve full potential production for a given growing environment [34]. NIWR for paddy rice is formulated using the water balance concept in Equation (3) [35]:


  N I W R = E  T c  + I F + L R + M R + E F R  



(3)




where LR is the leaching requirement (mm/day), and MR is the miscellaneous water requirement (mm/day) for germination, frost protection, blossom delay, wind erosion, and plant cooling. Additionally, the gross duty of irrigation water requirement (GIWR) can be obtained by dividing NIWR by water conveyance loss of irrigation canals and water management loss of irrigation facilities. The irrigation water requirement IWR used as the input data for SWAT was calculated by multiplying the GIWR by the irrigated area.




2.2. SWAT Modified Reservoir Operation Module


SWAT is continuous, long-term, distributed-parameter model designed to predict the effects of land management practices on hydrology, sediment, and contaminant transport in agricultural watersheds under varying soils, land use, and management conditions [25]. The SWAT model was adopted for the analysis of watershed hydrology, including agricultural reservoir operation. SWAT2009 version 488 with the ArcSWAT interface was used in this study. The water balance for reservoir, including inflow, outflow, surface rainfall, evaporation, seepage from the reservoir bottom, and diversions, is given by Equation (4):


  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    



(4)




where V is the volume of water in the impoundment at the end of the day (m3),    V  s t o r e d     is the volume of water stored in the water body at the beginning of the day (m3),    V  f l o w i n     is the volume of water entering the water body during the day (m3),    V  p c p     is the volume of precipitation falling on the water body during the day (m3),    V  e v a p     is the volume of water removed from the water body by evaporation during the day (m3), and    V  s e e p     is the volume of water lost from the water body by seepage (m3).



In the case of an agricultural reservoir watershed, SWAT cannot evaluate the reservoir water supply to satisfy both IWR to downstream rice paddy areas via canal networks and EFR to downstream aquatic ecosystems by direct release from the reservoir. Moreover, the application of the original model to agricultural reservoir watersheds under existing irrigation practices is not possible because the excess irrigation flow is returned to the stream through the drainage canal system; that is, the irrigation return flow contributes to the streamflow at the outlet during the irrigation period. Therefore, the new option is added to the current reservoir simulation module of the SWAT to satisfy both the IWR and EFR within the typical reservoir water level operation rule. The SWAT can simulate the IWR and EFR with the reservoir inflow from the watershed by applying the new reservoir operation option in this study.



The outflow can be quantified using one of four different methods in the reservoir control module (IRESCO) of the original SWAT model [36]: measured daily outflow, measured monthly outflow, average annual release rate for an uncontrolled reservoir, and controlled outflow with target release. There is just one input option for lower and upper bound outflows in SWAT, even for multiple reservoirs in a watershed. Thus, the reservoir module was added to set different lower and upper bound outflows for each reservoir in a watershed, with different operation rules. The new reservoir simulation module (IRESCO = 4) contains four aspects: (1) simulation of auto-irrigation from SWAT coupled with IWR from IWRM, (2) application of Restriction Water Level (RWL) while supplying IWR and EFR, (3) inclusion of reservoir operation to determine the available release of EFR from the reservoir, and (4) consideration of return flow to streamflow. With the new module, the reservoir release is first filtered with the specified reference RWL, and the release amount of a day is shared for IWR and EFR. Figure 2 visualizes this concept.



When calculating the reservoir outflow from daily IWR and EFR (IRESCO = 4), the user must run the IWRM beforehand and provide the IWRM output as a file to reference the reservoir outflow daily. The volume of outflow from the reservoir during the irrigation period from the middle of April to the early period of September was then calculated:


   V  f l o w o u t   =  V  I W R     i f   w a t e r l e v e l > D W L  



(5)




where VIWR is the daily IWR for the day during the irrigation period (m3), the water level is the calculated reservoir water level for the day (EL.m), and DWL is the dead water level (EL.m), which is the RWL for the irrigation water supply.



The volume of outflow from the reservoir during the non-irrigation period was then calculated:


   V  f l o w o u t   =  q  e n v f l o w   · 86,400   i f   w a t e r l e v e l > R W  L n   



(6)




where qenvflow is the environmental flow for the day during the non-irrigation period (m3/s), RWL is the restricted water level (EL.m) for the environmental water supply (up to five layers can be set up by the user within the range from DWL to high water level (HWL)), and n is the RWL number from 1 to 5.



The user can specify the irrigation return flow. Irrigation return flow is the fraction of VIWR, not the volume of water flowing out of the water body as Vflowout. Therefore, if the irrigation return flow fraction is specified, then the return flow for a given day is calculated as follows:


   q  I W R r e t u r n   =    V  I W R   · I W  R k    / 86,400  



(7)




where    q  I W R r e t u r n     is the irrigation return flow for the day during the irrigation period (m3/s), and IWR is the fraction of VIWR.



Table A2 shows the list of additional variables for the two subroutines in the Fortran SWAT source files (readres.f and res.f); readres.f reads the data from the reservoir input file (*.res), and res.f routes water and sediment through reservoirs and computes evaporation and seepage from the reservoir. The improved SWAT model requires different input parameters (Table A3), including reservoir characteristics, irrigation water, and environmental flow.



First, the reservoir characteristics describe the relationship between the water level and storage capacity, which is used to interpolate the reservoir water level by calculated storage. Additionally, high (HWL) and dead (DWL) water levels are used to distinguish the water supply, if possible. For irrigation water supply, the user should define the beginning and end dates of the irrigation period. The remaining time is then defined as a non-irrigation period. The irrigation water supply from the reservoir and its return flow are calculated. Finally, to supply water for environmental flow, the user should determine the restricted water level (RWL) and its flow rate for each range (between DWL and HWL).





3. Evaluating the Model with the Anseong Watershed Dataset


3.1. Study Watershed and Reservoirs


The Anseong watershed, in northwest South Korea within the latitude and longitude range of 127.1° to 127.3° E and 36.5° to 37.1° N, includes many agricultural reservoirs along the watershed’s main stream and tributaries. Figure 3 illustrates the watershed, which has a total area of 366.5 km2. Agricultural reservoirs with less than 10 million m3 of storage capacity are the most widely distributed. Among the reservoirs, smaller reservoirs are managed by the local government, and the KRC manages the larger reservoirs. A total of 90 agricultural reservoirs in the watershed have a 41.9 million m3 storage capacity and provide irrigation water for 7264 ha in the benefiting area. The three largest reservoirs, Gosam (GS), Geumkwang (GK), and Madun (MD), located upstream of the watershed, have storage rates of 15.2, 12.0, and 3.5 million m3, respectively. These three reservoirs supply irrigation water for 50.9% (3696 ha) of the total benefiting area; the watershed outlet is Gongdo (GD) station, which has streamflow monitoring data. The characteristics of these reservoirs are shown in Table 1.




3.2. Data Acquisition and Setup for Simulation


In order to estimate IWR, climatic, crop, soil, and irrigation data are required. Climatic data including daily precipitation (mm/day), minimum and maximum temperature (°C), mean wind speed (m/s), relative humidity (%), and sunshine hours (h) were collected by the Korea Meteorological Administration (KMA) at three weather stations (Suwon, Icheon, and Cheonan) over 21 years (1998–2018). Crop, soil, and irrigation data for each reservoir (GS, GK, and MD) were provided by KRC, and daily reservoir water level data for the same period as the climatic data were also collected. Data from the nearest meteorological station were included when simulating the irrigation water requirement for each reservoir.



Streamflow data required for SWAT calibration in GD was collected from Water Resources Management Information System (WAMIS). The 30 m DEM, land use, and soil map data from WAMIS for SWAT simulation were collected from Kim et al. [38].





4. Results and Discussion


4.1. Irrigation Water Requirement of Reservoirs


The improved SWAT can input the IWR and EFR for each item when inputting reservoir release data. In the absence of observation data for IWR and EFR release, IWRM can be used to estimate the release according to the reservoir activity rules when inputting discharge data. To calculate the irrigation water requirement using the IWRM model, rice cultivation data such as irrigated area, irrigation schedule by phenological stages of paddy rice, ponding depth, and water conveyance loss are required.



Agricultural reservoirs are the critical source of water for the supply of irrigation water to paddy fields, and are mainly filled with precipitation during non-irrigation periods, which run from October to the end of March. Changes in meteorological and hydrological components such as precipitation, temperature, evapotranspiration, and watershed runoff will affect the demand for irrigation and agricultural water supply [39,40]. The effect of these non-irrigation treatments determines the water supply for irrigation.



The IWRM was calculated for 21 years (1998–2018) of daily IWS in three irrigated areas (GS, GK, MD). Figure 4 shows the annual GIWR calculated for the three irrigated areas, and Table 2 summarizes the monthly average IWR (m3/yr) for the three irrigated areas during 1998–2018. Among the three irrigated areas, the GIWR of the GK irrigated area is the largest, with an average value of 816.7 mm. On the other hand, the GIWR of the GS irrigated area is the lowest, with an average value of 691.6 mm. The average GIWR of the three irrigated areas was 754.1 mm, with an annual average precipitation of 1278.3 mm during 1998–2018. The calculated annual average IWR was calculated by multiplying the irrigated area (ha) and the GIWR (mm/yr) for the GS, GK, and MD irrigated areas, which were 20.5, 15.6, and 4.0 million m3/yr, respectively. The total annual amount of IWR in the study area was 40.1 million m3, which was the water requirement of the reservoirs in the area. The calculated daily IWR for each irrigated area was specified in the SWAT and improved SWAT as measured daily outflow data.




4.2. Improved SWAT Calibration and Validation Results


To compare the SWAT model and the Improved SWAT before environmental flow was applied, calibration was performed on the GD station with the same parameters and for the same period. The SWAT and improved SWAT models were set up for two years (1996–1997) and calibrated for seven years (1998–2005), and validated for 13 years (2006–2018) with daily streamflow data at GD station.



The model performance was quantitatively assessed by calculating the coefficient of determination (R2), Root-mean-square error (RMSE), and Nash-Sutcliffe model efficiency (NSE). R2 ranges from 0 to 1, NSE ranges from −1 to 1, and that both coefficients are close to 1 indicates a perfect simulation with no divergence from observed data [41]. The standard deviation of the residual is represented as the error between the observed and simulated values by RMSE, an extensively used error index statistic [42].



Parameter estimation followed the determination of the simulation model parameters to be calibrated. Manual calibration and autocalibration are two approaches to parameter estimation [43]. Manual calibration is the most widely used approach for complex models, including the distributed type [44,45,46]. The improved SWAT was calibrated using a manual calibration process. A total of twelve parameters in four categories were selected for calibration: runoff (CH_N1 and CH_N2), evapotranspiration (ESCO), groundwater (GW_DELAY, ALPHA_BF, and GW_REVAP), snowmelt (SFTMP, SMTMP, and SNO50COV), and reservoir (RES_K, EVRSV, and IRRTFF). For the three reservoirs (GS, GK, and MD), calibration was performed including the reservoir parameters, and the watershed outlet in GD was calibrated for three categories and nine parameters, excluding the reservoir parameters. The initial and adjusted values of the calibrated parameters are listed in Table A4.



Table 3 shows the statistical summary of the model calibration and validation, and Figure 5 shows comparisons of the observed and improved SWAT simulated streamflow. For the performance comparison of the two models, parametric calibration was performed based on the existing SWAT. The observed and simulated daily streamflow at the two locations matched reasonably well. The improved SWAT gave streamflow results for average R2, RMSE, and NSE of 0.86, 19.54 mm/day, and 0.91, respectively, whereas SWAT gave 0.87, 19.70 mm, and 0.91, respectively.




4.3. Improved SWAT Reservoir Operation


The improved SWAT can set the EFR based on the RWL. As conditions for releasing EFR in the non-irrigation season (October to April) in the Improved SWAT, RWL-1, RWL-2, and RWL-3 were set at 90%, 80%, and 70% of the effective reservoir storage, and the EFR amount was calculated according to each RWL by manual calibration. Figure 6 compares the observed and simulated SWAT and improved SWAT daily reservoir storage rate using only IWR at GS, GK, and MD reservoirs from 1998 to 2018 in the calibration and validation periods. Compared with SWAT, the R2 of the improved SWAT significantly increased from 0.54, 0.54 to 0.65, 0.63, respectively, in the GS and GK reservoirs. However, the R2 of the MD reservoir simulation results decreased by 0.75 to 0.64. This is because the MD Reservoir is smaller than the other two, and the actual release observations show that it provides less environmental water. As a result, the R2 of the improvement SWAT with the EFR operation rules decreased. Nevertheless, the results demonstrate that the improved SWAT coupled with the IWRM modeling approach is reasonable to represent reservoir dynamics in the agricultural watershed.



Improved SWAT was proposed for multidisciplinary functions and the subsequent quantitative analysis of agricultural water. Figure 7 shows the basic reservoir rate derived from this study for the monthly reservoir activity law, with blue being relatively small and red being relatively high. Regarding the seasonal characteristics of Korea and the subsequent activity patterns of agricultural reservoirs, precipitation is concentrated in July and August, and irrigation water is commonly used in May and June. Environmental water in agricultural reservoirs has adequate storage capacity and the focus is on releasing it in winter rather than during the irrigation season. Improved SWAT provides a flexible water management schedule for paddy fields and systemizes the environmental use of agricultural water.




4.4. Streamflow Impact by Irrigation Water Supply and Environmental Flow Release


The improved SWAT reduced the R2 efficiency compared to SWAT, but the RMSE and NSE were improved. This is because the resulting value of the improved SWAT is underestimated compared to SWAT, as shown in Table 4. Errors in low-flow predictions are attributed to uncertainties in quantifying the storage function of forest soils and in estimating the soil and groundwater parameters. Additionally, the efficiency of the non-irrigation period was different because environmental water could be considered during this period. However, it has been found that the efficiency of the irrigation period model is better than that of SWAT. This is because the pattern of the reservoir storage rate changed due to the release of ENF according to the restricted water level from October to April. In general, the model fits both the observed rise in streamflow and the recession reasonably well.



In Table 4, the flow duration at GD, such as flood flow (Q10), high flow (Q95), normal flow (Q185), low flow (Q275), and drought flow (Q355), were analyzed by comparison between SWAT and improved SWAT. The coefficient of flow regime (CFR) in the table is a flow duration coefficient, and the variability of the flow rate was compared by dividing flood flow by drought flow. In terms of precipitation, the years of flood and drought were selected as the year with the highest precipitation (1939.03 mm) and the year with the lowest precipitation (871.06 mm), respectively.



By considering the reservoir operating rule, Q10 and the normal year increased by −0.49% from 52.35 m3/s to 52.10 m3/s, and Q355 increased from 0.94 m3/s to 1.05 m3/s. Accordingly, the CFR decreased by −10.65% from 55.69 to 49.76. In the drought year, increased by 16.96% from 0.66 m3/s to 0.77 m3/s, and CFR also decreased −14.50%. Accordingly, it was found that the fluctuation of the flow was reduced through the reservoir operating rule according to the supply of EFR. On the other hand, in the normal year and the drought year, the difference reversed before Q185, whereas in the flood year, the difference was reversed after Q185. This result shows that the streamflow difference between flood year and drought year decreased from 0.88 m3/s to 0.80 m3/s, as the streamflow increased according to EFR supply even in drought year.



Although optimal water supply for EFR in each agricultural reservoir was calculated by trial and error, a genetic algorithm was used for the optimal operating policy, as in Anand et al. [47]; alternatively, the optimal reservoir operation rule can be developed by developing a module that can calculate hydroelectric power according to reservoir operation.



The operating rule curve was shown to divide periods of irrigation (1 April to 30 September) and non-irrigation (1 October to 31 March). Using the operating rule curve, the user may want to maintain flexible reservoir operations depending on weather conditions. The operating rule curve was presented as the percentile rank of the daily reservoir water level, based on the results of reservoir operation using weather data over 21 years (1998–2018). The water levels for each percentile were divided into three buffer sections representing drought (5~25%), normal (25~75%), and flood (75~95%) years to operate the agricultural reservoir with the operating rule curve [48]. Figure 8 shows the optimized operating rule curve for the GS, GK, and MD reservoirs.



Through the operating rule curve according to the operating rule for multiple water supply, it is possible to know the discharge amount for each RWL and the range of the minimum and maximum reservoir storage levels per day. The reason why the reservoir storage level in the irrigation period is greater than that in the non-irrigation period is that the spring drought occurs in ~April–May, and the use of irrigation water increases from June onwards after the ponding period begins. According to the presence or absence of rainfall, the change in reservoir storage levels during July was the largest.



Many challenges have been met by efforts to incorporate environmental flows. A system of prioritization among water uses involves many water allocation systems that either do not favor environmental flow conservation, or do not allow for ecological protection from high flow events [49]. Major progress in environmental flow management has been made in recent years because of various factors, including government dedication to environmental flow projects, increases in scientific expertise, and processes for evaluation which involve greater stakeholder collaboration and co-design. However, shared water resources also create tension between stakeholders because of different goals and objectives [50].



Attempts to measure agricultural losses related to habitat conservation have mainly focused on evaluating the effects of water distribution plans (in the sense of alternative agricultural and environmental policy scenarios) or on examining variations in crop yield losses [51,52]. In addition, EFR was calculated by introducing analysis and modeling methods such as the Hydroecological Integrity Assessment Process (HIP) and Ecological Limits of hydrologic alteration (ELOHA) [53,54]. However, the contradictory nature of water use means that one goal cannot be changed without degrading one or more other goals, especially in arid and semi-arid areas. These inconsistencies tend to be irreconcilable contradictions in semi-arid areas. Little attention has been paid to reducing the economic losses incurred by the maintenance of environmental flows by considering the seasonality of hydrological conditions and water requirements. Exploring these variables will enable us to obtain the best environmental flow management [55].



Improved SWAT, as a modification of the SWAT reservoir operation module, can also be used in other areas as it can automatically satisfy IWR and EFR at the same time by inputting the RLW and the corresponding discharge amount for each reservoir. In the future, it will be possible to evaluate EFR according to climate change scenarios and land use changes through the development of a module that automatically finds the amount of discharge that meets the RWL.





5. Conclusions


In this study, we attempted to assess the potential impact of agricultural water management in terms of reservoir operation and watershed hydrologic processes. The methods presented here were the developed IWRM and the improved SWAT model, based on a new operating rule curve for a multiple water supply (IWR and EFR).



IWRM calculates the amount of irrigation water requirement in an agricultural area, which is calculated as the discharge of the SWAT Reservoir. It was confirmed that the calibration results of SWAT and Improved SWAT applied only with IWR were R2 0.01, RMSE 0.16 mm/day, and NSE 0.00, showing no significant difference. In the Improved SWAT with IWR, the limiting level according to the low yield was set and the EFR for each limiting level was applied. R2 increased from 0.54 and 0.54 to 0.65 and 0.63 in the GS and GK reservoirs, respectively, though not in the MD reservoirs with small watersheds, and improved SWAT confirmed the reservoir dynamics.



The flow regime was calculated to evaluate the effect of the reservoir’s river maintenance flow at GD station, a watershed outlet, and it was confirmed that Q355, a drought flow, increased by 11.37% in the normal year and 16.96% in the drought year. The improved SWAT reservoir simulation module for multiple water supply-related EFR in agricultural reservoirs was examined, including one of the most critical operating rule curves. This present study focuses on evaluating methods to provide adequate information to water managers and others.



Future research based on this study may include assessment of the water quality improvement of multiple water supplies in reservoirs, designing water requirements for paddy rice affected by climate change, and optimizing operation rule curves for agricultural reservoirs for environmental flow, flood (or drought) control, and aquatic activities under changed hydrological regimes. The literature includes individual details of climate change impacts and of adaptations for agricultural water management. Thus, there is a need to explore the use of various environmental change scenarios to produce better information. When combined with the framework in this study and further research, Improved SWAT will provide useful information for local decision makers and water managers in understanding and evaluating future climate change impacts on agricultural water resources, the environment, and water quality management in agricultural watersheds.
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Table A1. The input and output datasets of IWRM.






Table A1. The input and output datasets of IWRM.





	
Data

	
Input

	
Output






	
Climatic

	
Location of weather station, Daily rainfall (mm), Daily air temperature (°C), Daily relative humidity (%), Daily sunshine hour (hr), Daily wind speed (m/s)

	
Reference ET (ET0, m3)

Crop ET (ETc, m3)

Consumptive water use (m3)

Ponding depth (mm)

Effective rainfall (m3)

Net duty of water (m3)

Gross duty of water (m3)




	
Crop

(rice)

	
  Percent   area   of   rice   nursery   bed   ( % ) ,   Water   for   rice   seeding   ( mm ) ,   Water   for   rice   transplanting   ( mm ) ,   Crop   coefficient   (  K c  )   for ET, maximum and minimum ponding depths (mm)




	
Soil

	
Daily infiltration of paddy field (mm)




	
Irrigation

	
Irrigated area (ha), Irrigation schedule (seeding, planting, and harvesting dates), Water conveyance loss of irrigation canal (%), Water management loss of irrigation facilities (%)
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Table A2. List of added outgoing variables of the subroutine in the improved SWAT reservoir module (needed if IRESCO = 4).






Table A2. List of added outgoing variables of the subroutine in the improved SWAT reservoir module (needed if IRESCO = 4).





	
Subroutine

	
Name

	
Unit

	
Definition






	
readres.f

	
RSVORD(:)

	
none

	
Number of water level measurement points




	
RSVHWL(:)

	
EL.m

	
High water level




	
RSVDWL(:)

	
EL.m

	
Dead water level




	
RSVWL(:,:)

	
EL.m

	
Water level for each measurement point in relation curve between water level and storage capacity




	
RSVST(:,:)

	
m3

	
Storage for each measurement point in relation curve between water level and storage (read in as 103 m3 and converted to m3)




	
IRRTFF(:)

	
fraction

	
Irrigation return flow as a fraction of the irrigation water requirement volume (0–1)




	
RSVRWL(:)

	
EL.m

	
Release restricted water level




	
ENVFLOR(:)

	
m3

	
Environmental flow for each RWL (read in as m3/s and converted to m3)




	
res.f

	
RSVCWL(:)

	
EL.m

	
Calculated water level




	
IWR

	
m3

	
Irrigation water requirement




	
IRRTFO

	
m3/s

	
Irrigation return flow




	
ENVFLOW

	
m3

	
Environmental flow
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Table A3. The input and output datasets of the improved SWAT reservoir module.






Table A3. The input and output datasets of the improved SWAT reservoir module.





	
Data

	
Input (*.res)

	
Output (Output.rsv)






	
Reservoir characteristic

	
Relation curve between water level (EL.m) and storage capacity (103 m3)

HWL and DWL (EL.m)

	
Water level on day (EL.m)

Irrigation water requirement on day (m3)

Irrigation return flow on day (m3/s)

Environmental flow on day (m3)




	
Irrigation water

	
Beginning and ending dates of the irrigation period (mm/dd–mm/dd)

Daily irrigation water requirement (103 m3) calculated by IWRM

Irrigation return flow fraction (0~1)




	
Environmental flow

	
RWL (EL, m) (able to be set to five RWL)

Environmental flow rate for each RWL
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Table A4. Calibrated IWRM and improved SWAT model parameters at three reservoirs and outlet points.






Table A4. Calibrated IWRM and improved SWAT model parameters at three reservoirs and outlet points.





	
Parameter

	
Initial Value

	
Adjusted Value




	
GS

	
GK

	
MD

	
GD (Outlet)






	
Runoff and evapotranspiration




	
ESCO

	
0.95

	
0.8

	
0.8

	
0.8

	
0.8




	
CH_N1/CH_N2

	
0.014

	
0.033

	
0.033

	
0.033

	
0.033/0.025




	
Groundwater




	
GW_DELAY (days)

	
31

	
80

	
80

	
80

	
55.75




	
ALPHA_BF (days)

	
0.048

	
0.5

	
0.6

	
0.5

	
0.37




	
GW_REVAP

	
0.02

	
0.2

	
0.2

	
0.2

	
0.2




	
Snowmelt




	
SFTMP (°C)

	
1

	
−1.3

	
−1.3

	
−1.3

	
−1.3




	
SMTMP (°C)

	
0.5

	
4.2

	
4.2

	
4.2

	
4.2




	
SNO50COV

	
0

	
0.47

	
0.47

	
0.47

	
0.47




	
Reservoir




	
RES_K (mm/hr)

	
0

	
0.2

	
0.3

	
0.3

	
-




	
EVRSV

	
0.6

	
0.5

	
0.6

	
0.6

	
-




	
IRRTFF

	
0

	
0.35

	
0.35

	
0.35

	
-
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Figure 1. Flow chart of this study. 
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Figure 2. The description of the model process by which the results of irrigation water supply are driven in SWAT [37]. 






Figure 2. The description of the model process by which the results of irrigation water supply are driven in SWAT [37].



[image: Water 13 02543 g002]







[image: Water 13 02543 g003 550] 





Figure 3. Map of Anseong watershed showing the sub-basins and the locations of the agricultural reservoirs. 
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Figure 4. Annual gross duty of irrigation water for three reservoirs using IWRM from 1998 to 2018. 
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Figure 5. Comparison of the observed and improved SWAT simulated streamflow. (a) monthly SWAT modeling results, (b) modeling results during irrigation period, and (c) modeling results during non irrigation period. 
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Figure 6. Reservoir storage rate simulation results from the comparison of the observed SWAT and improved SWAT at the three reservoirs (a) Gosam reservoir, (b) Geumkwang reservoir, and (c) Madun reservoir. 
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Figure 7. Heat map of agricultural reservoir release by month (a) Gosam reservoir, (b) Geumkwang reservoir, and (c) Madun reservoir. 






Figure 7. Heat map of agricultural reservoir release by month (a) Gosam reservoir, (b) Geumkwang reservoir, and (c) Madun reservoir.



[image: Water 13 02543 g007]







[image: Water 13 02543 g008 550] 





Figure 8. Operating rule curve of agricultural reservoir for multipurpose water supply (a) Gosam reservoir, (b) Geumkwang reservoir, and (c) Madun reservoir. 
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Table 1. Specifications of three agricultural reservoirs.
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Input Model

	
Parameter

	
Reservoir




	
Gosam

	
Geumkwang

	
Madun






	
Area

(ha)

	
Watershed area

	
7100

	
4830

	
1240




	
Irrigated area

	
2970

	
1906

	
530




	
Full water area

	
229.9

	
138.4

	
40.5




	
Storage

(103 m3)

	
Gross storage

	
16,150

	
12,095

	
3496




	
Effective storage

	
15,217

	
12,047

	
3486




	
Dead storage

	
888

	
48

	
10




	
Water level (EL.m)

	
Full water level

	
54.1

	
67.7

	
120.8




	
High water level

	
52.4

	
67.0

	
119.1




	
Dead water level

	
40.8

	
51.5

	
102.0
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Table 2. The monthly mean IWRM results for the three irrigated areas during 1998–2018 (IWR: Irrigation water requirement, CUW: Consumptive use water, ET: Evapotranspiration, ER: Effective rainfall).
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Unit: mm/month




	
IWRM Result

	
Apr

	
May

	
Jun

	
Jul

	
Aug

	
Sep

	
Total






	
Gosam reservoir




	
IWR

	
10.5

	
61.4

	
300.7

	
103.0

	
172.8

	
53.4

	
701.8




	
CUW

	
216.3

	
213.3

	
333.2

	
294.2

	
318.9

	
88.2

	
1464.1




	
- ET

	
50.6

	
137.4

	
142.1

	
124.0

	
130.7

	
36.5

	
621.2




	
- ER

	
32.4

	
98.1

	
70.1

	
204.0

	
167.7

	
41.4

	
613.7




	
Geumkwang reservoir




	
IWR

	
9.2

	
10.2

	
344.2

	
137.1

	
238.9

	
136.8

	
876.4




	
CUW

	
162.0

	
250.1

	
359.3

	
327.8

	
362.9

	
197.9

	
1659.9




	
- ET

	
15.6

	
142.1

	
145.6

	
128.2

	
126.1

	
64.0

	
621.6




	
- ER

	
14.7

	
86.6

	
84.0

	
218.1

	
171.7

	
88.5

	
663.4




	
Madun reservoir




	
IWR

	
7.8

	
6.4

	
255.4

	
95.9

	
160.7

	
97.3

	
623.5




	
CUW

	
156.0

	
197.3

	
319.0

	
278.3

	
317.3

	
169.3

	
1437.2




	
- ET

	
14.0

	
130.9

	
135.0

	
125.2

	
126.7

	
65.1

	
596.9




	
- ER

	
16.1

	
82.0

	
89.0

	
191.9

	
172.7

	
81.7

	
633.5
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Table 3. Statistical summary of the improved SWAT results (Irrigation: ~Apr.–Sep., Non-irrigation: ~Oct.–Mar., Obs.: Observed, and Impv.S: Improved SWAT).
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Periods

	
PCP (mm)

	
Streamflow (mm)

	
Evaluation Criteria




	
Obs.

	
SWAT

	
Impv.S

	
R2

	
RMSE (mm/day)

	
NSE




	
SWAT

	
Impv.S

	
SWAT

	
Impv.S

	
SWAT

	
Impv.S






	
Irrigation

	
1086.0

	
497.7

	
571.2

	
566.7

	
0.93

	
0.93

	
30.6

	
30.3

	
0.88

	
0.89




	
Non-irrigation

	
203.8

	
115.3

	
143.0

	
148.6

	
0.80

	
0.79

	
8.8

	
8.8

	
0.93

	
0.93




	
Total

	
1289.8

	
613.0

	
714.1

	
718.9

	
0.87

	
0.86

	
19.70

	
19.54

	
0.91

	
0.91
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Table 4. Alteration of the flow duration and coefficient of flow regime for selected years (CFR: coefficient of flow regime, Impv. S: improved SWAT, and Diff: difference between SWAT and improved SWAT).
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Flow Duration

	
Streamflow (m3/s)

	
CFR




	
Q10

	
Q95

	
Q185

	
Q275

	
Q355






	
Normal year

	
SWAT

	
52.35

	
5.71

	
3.35

	
1.85

	
0.94

	
55.69




	
Impv.S

	
52.10

	
5.70

	
3.38

	
1.98

	
1.05

	
49.76




	
Diff (%)

	
−0.49

	
−0.30

	
0.97

	
7.20

	
11.37

	
−10.65




	
Selected drought year

(2001)

	
SWAT

	
16.27

	
3.16

	
2.17

	
1.45

	
0.66

	
24.75




	
Impv.S

	
16.27

	
3.10

	
2.29

	
1.87

	
0.77

	
21.16




	
Diff (%)

	
0.00

	
−1.93

	
5.49

	
29.19

	
16.96

	
−14.50




	
Selected flood year

(2011)

	
SWAT

	
114.50

	
9.32

	
4.47

	
2.36

	
1.54

	
74.40




	
Impv.S

	
114.50

	
9.28

	
4.45

	
2.36

	
1.57

	
73.07




	
Diff (%)

	
0.00

	
−0.37

	
−0.43

	
0.08

	
1.82

	
−1.79
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