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Abstract

:

Controlled drainage by regulating the groundwater level in open ditches is necessary to ensure the normal growth of crops in Northern Huaihe River Plain, China. The groundwater model MODFLOW was calibrated and validated in a representative area, and was then conducted to simulate the groundwater under different main drainage ditch water depth control schemes during the growth period of corn and wheat. Then the scenario with highest water depth (Scenario 20) from 1989 to 2019 was simulated, and the annual cumulative drought and waterlogging intensity (ACDWI) were analyzed in each decade and in different hydrological years. The results showed that the study area was dominated by drought stress. The lowest level of drought stress was achieved under Scenario 20. The frequency of drought gradually decreased from north to south in the study area. Moreover, the ACDWI decreased with increase of precipitation during 1989 to 2019. The results indicated that it was important to store water during the dry season, while it is also necessary to control the drainage in the rainy season to drain excess water on time. The results suggested that the water depth of the main drainage ditch should be regulated by zoning and by season to alleviate crop drought and waterlogging.
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1. Introduction


At present, the world’s population is growing at a rate of approximately 1.1% per year. According to the medium-variable scenario of the future population growth model predicted by the United Nations Population Division, the world’s population is expected to reach 9.7 billion by 2050; thus, global food production will need to increase by 70%, and demand for irrigation water will increase by as much as 50% [1]. However, the land area available for agriculture is limited, and the current rate of global groundwater depletion is threatening sustainable groundwater use. Moreover, agricultural drought and waterlogging have become increasingly frequent in recent years and may endanger future agricultural production [2,3]. Consequently, effective water resource management is essential for global food production. Designing a proper drainage system is often an essential component of an overall water management system, and developing a proper drainage control scheme can improve crop production and reduce adverse environmental impacts [4].



Controlled drainage regulates the field groundwater level by adding physical restrictions (controlled hydraulic structures) at the farmland drainage outlet [5,6,7]. After various attempts by researchers, controlled drainage becomes one of the most effective measures taken to date [8]. Open ditches, subdrain tiles, shafts and pumping station drainage are typical farmland waterlogging drainage engineering technical measures. Among these, open-ditch drainage was the earliest to be developed and is the most widely used drainage measure in China [9,10]. Controlled drainage was first proposed in the late 1970s to ensure agricultural production without damaging the environment in which we live and to seek a balance point in harmony with nature [11]. In the rainy season, the water level is kept low to protect crops from waterlogging, while in the dry season, a high water level is maintained for crop utilization to achieve drought resistance and yield increases [12,13]. Controlled drainage is now classified as the best management practice for agricultural production in many regions of Europe and the United States [14,15]. Especially in rain-fed agricultural areas, controlled drainage can be regulated under groundwater according to the drought and waterlogging tolerance characteristics of crops. Thus, such regulation plays an important role in the rational use of rainfall and in reducing of crop drought and waterlogging losses [16].



Agricultural water-management measures change the temporal and spatial water distribution, thereby affecting the balance of surface water and groundwater and changing the groundwater levels’ response [17,18]. However, the depth of the groundwater level also affects crop growth and can lead to varying degrees of drought and waterlogging stresses [19]. Understanding the effect of the groundwater level on crop growth can improve agricultural water management to a certain extent. Groundwater regulation contributes to crop water consumption and can promote crop growth by either reducing drainage and surface irrigation water or increasing the amount of water available for crops to absorb [20]. Moreover, controlled drainage can also maintain an optimal groundwater depth, providing the necessary water, respiration and aeration for the crop roots to increase crop yields [21]. Field experiments can be used to understand the contribution of groundwater to crop water use, but the location specificity and the time required limit their practicality [22]. Instead, numerical models can be used to study the characteristics of temporal and spatial changes in groundwater more deeply and to simulate regional groundwater conditions [23]. The groundwater-flow model MODFLOW is a popular three-dimensional groundwater dynamic simulation model in groundwater research. It uses the finite difference method to solve the groundwater-flow formulas [24,25] and can simulate water movement in an aquifer to obtain the phreatic water level responding to groundwater recharge and large changes in the ditch water levels. Thus, it provides a basis for judging drought and waterlogging conditions for crops [26,27,28,29,30].



Although controlled drainage is considered to be the best method for water management, most of the recent studies focus on controlled drainage using subsurface pipes and are mainly concerned with nutrient loss and environmental pollution [31,32]. In contrast, few studies have focused on the controlled drainage using open ditches. The main purposes of this study are to evaluate the effect of different open ditch control drainage schemes on groundwater as an example area that rely on rain-fed agriculture vulnerable to drought and waterlogging to optimize open-ditch water-depth control schemes in rainy and dry seasons based on the upper and lower limits of the suitable groundwater depth for crops (SGDC), and to analyze the spatial and temporal variation characteristics of these regions to provide a basis for water management in alternating drought and waterlogging zones.




2. Materials and Methods


2.1. Study Area


The study area, which is located in the Northern Huaihe River Plain, Anhui Province (33°09′–33°17′ N, 116°08′–116°12′ E), China, is 14.4 km long from north to south, 5.2 km wide from east to west, with an area of 42.6 km2 (Figure 1a,b). The terrain is high in the north and low in the south. According to ASTER GDEM elevation data, the elevation gradually changes from 31.93 to 27.56 m AMSL, with an average gradient of approximately 1:3300. The ASTER GDEM v3 data with 30 m spectral resolutions were obtained from the National Aeronautics and Space Administration (NASA) website (http://reverb.echo.nasa.gov/reverb/, accessed on 20 September 2021).



There are three main drainage ditches in the study area. Their names are, from west to east, the Zaoyang ditch, the Xihongsi ditch and the Chezhe ditch. These three main drainage ditches transport field rainwater and underground drainage southward towards the Fumengxin River and eventually discharge into the Huaihe River. A sluice was installed south of the Chezhe ditch, and it is the main measure used to control drainage in the local area. Another sluice was installed south of the Xihongsi ditch, but it became useless due to disrepair. An overflow dam about 3.7 m in height above the bottom of the drainage ditches was built 11.6 km far from the sluice in the north of Chezhe ditch as another measure to control the ditch water depth. The study area is divided into three sections: the northern section, which is in the upstream of the overflow dam with catchment area 5.0 km2; the middle section, which is between the overflow dam and the location in 5.6 km below the overflow dam with catchment area 15.8 km2; and the southern section, which is between the location in 5.6 km below the overflow dam and the sluice with catchment area 21.8 km2. There are 25 groundwater-level observation wells in the research area: five of them, Nos. N1–N5, are in the northern line, which is about 1.3 km from the overflow dam in north; 13 of the wells, Nos. M1–M13, are in the middle line, which is about 5.5 km from the overflow dam in the south; and seven wells, Nos. S1–S7, in the southern line, which is about 2.8 km from the sluice in the north (Figure 1b). The main soil textures are Shajiang black soil and silt sand. The region is dominated by rain-fed cultivation, mainly for winter wheat and summer corn.



The area has a typical warm temperate subhumid monsoon climate, which is classified according to annual accumulated temperature [33]. Affected by the monsoon climate and geomorphology, there are visible spatial differences and high interannual variations within this study area [33,34]. The study used meteorological data from the Lixin County meteorological station and the Bozhou City meteorological station in Anhui Province and precipitation data from the Lixin County meteorological station, which is located in the south of the study area, at 116°16′ E, 33°08′ N, approximately 1.76 km away from the Chezhe ditch sluice. Because evaporation-related data from the Lixin County meteorological station were not available, data provided by the Chinese Meteorological Administration (Website: http://data.cma.cn/, accessed on 20 September 2021) from the Bozhou city meteorological station—which is located in the north-west of the study area, 115°46′ E, 33°52′ N, 85.5 km away from the Chezhe ditch sluice (for locations see the small triangles in Figure 1a)—were adopted instead. According to the meteorological data, the annual average precipitation for 1989–2019 was 924 mm, of which approximately 64% and 36% were concentrated in June–September (rainy season) and October–May (dry season), respectively. Seasonal drought and waterlogging disasters occur every year and may occur individually or simultaneously, successively or alternately [35]. Drought based on the number of consecutive 15 days of non-precipitation in spring, summer, autumn and winter was reported to account for 38.8%, 47.3%, 41.8% and 58.7% of the season’s total days, respectively, while more than 80% waterlogging disasters occurred in summer [36]. Summer is not only a season of critical water requirements for crops, but also frequently involves crop water shortages and includes a period of heavy concentrated rainfall [37]. Waterlogging disasters often occur at the end of spring and the beginning of summer, as well as during the transition between summer and autumn. Among these problems, winter wheat yields are mainly affected by spring waterlogging disasters; yield losses can exceed 40% [38]. By analyzing the statistical data of the area affected by drought and waterlogging disasters in various regions of Anhui Province from 2005 to 2015, the average damage rate of drought reached 13.2%, and the average damage rate of waterlogging reached 11.3% [39]. Due to the influences of specific climatic conditions, geographical environment, watershed characteristics and human activities, droughts and waterlogging disasters occur frequently, seriously threatening food security and social stability [40,41].



Local crops depend primarily on precipitation or groundwater, and wells are built in the area for water replenishment and irrigation in the dry season. However, according to our field investigations, due to the depth of the groundwater level and the high costs of irrigation in dry years or dry seasons, irrigation is rarely applied to cereal crops, other than those crops with high economic value, such as vegetables, fruits and herbs. There are sound drainage ditches in the area, of which the main drainage ditch is mainly used to accumulate rainwater and regulate the groundwater level by opening and closing the ditch sluices to supplement water for crops and prevent waterlogging. According to the research results by Wang et al. [42,43], the suitable groundwater depth for crops (SGDC) is 0.4–1.0 m for corn and 0.6–1.5 m for wheat under subclay soil cultivation conditions in the Northern Huaihe River Plain area. When the groundwater level is higher than the SGDC, crops are affected by waterlogging, and when it is lower than the SGDC, crops are affected by drought.




2.2. Brief Introduction to MODFLOW


2.2.1. Governing Equation


The equation for controlling the groundwater saturation zone is an incompressible three-dimensional finite difference equation [44]:


   ∂  ∂  x i       K  i j     ∂ H   ∂  x j      + W =  S S    ∂ H   ∂ t   ,  



(1)




where i, j = 1–3, represent the x, y and z directions, respectively; Kij denotes the saturation hydraulic conductivity tensor, L/T; H is the pressure head, L; W is the flux of source/sink per unit volume, L3/T; SS is the specific yield of the porous medium; and t denotes time, T.




2.2.2. Mesh Generation


According to the hydrogeological, surface elevation and model boundary conditions, considering the size of the study area and the requirements of calculation accuracy, the model was meshed to generate two vertical layers, with 155 rows in the east–west direction and 213 columns in the north–south direction. The total number of cells was 66,030, of which 16,954 were active cells, with individual cell sizes of 50 m × 50 m, 100 m × 100 m and 50 m × 100 m (see Figure 1c). To accurately simulate the change of groundwater level near the ditches, the observation well area was locally refined. The two vertical layers were defined as follows: The upper layer of the aquifer was a 6 m unconsolidated sedimentary formation layer containing heavy silty clay and clay (mainly Shajiang black soil). The second layer of the aquifer was an unconsolidated sedimentary formation layer of silt (or fine) sand with a thickness of 6–35 m [45,46] (see Figure 1c). Moreover, there was a thicker layer of Shajiang black soil (clay) at the bottom; thus, a depth of 35 m was used as the lower boundary of the model for the top of the aquifuge [47]. The range of hydraulic conductivity and specific yield of the first and second layers are shown in Table 1 [48,49]. The initial values are specified the average of the range in Table 1.




2.2.3. Boundary Generalization


The study area is flat, and groundwater recharge and discharge are weak along the north–south direction, so it was assumed that there were no flow conditions in the north–south direction, the upper boundary was the free surface of groundwater and the lower boundary was the impermeable bedrock generalized into the impermeable boundary of 35 m depth. The hydraulic heads of the ditches were known and generalized as the time-variant specified head (CHD) package to specify this boundary condition.




2.2.4. Rainfall Infiltration


Precipitation is the main source of groundwater recharge in the phreatic zone. The amount of infiltration was calculated by using Equation (2):


   P r  = α P ,  



(2)




where Pr is the amount of groundwater replenishment by precipitation (mm), α is coefficient of replenishment from infiltration of precipitation and P is precipitation (mm). In this study, α was 0.22–0.24 based on the groundwater simulation results of Yuezan Tao et al. [50] in the North Huaihe River area of Anhui Province (Figure 2). Since the southern section was close to the urban area and contained large areas with roads and buildings, the rainfall infiltration coefficient was 0.22, while the northern and middle sections had a value of 0.24. The rainfall data were measured by the Lixin County Meteorological Station in Anhui Province (Figure 1a).




2.2.5. Phreatic Evaporation


Due to the lack of evaporation data from the meteorological station in Lixin County, the meteorological data of Bozhou city, Anhui Province, were used for calculation (Figure 1a). The Penman–Monteith Equation [51] was used to calculate the reference evapotranspiration. The potential evapotranspiration (ETp) was obtained by using the crop coefficient [52] multiplied the reference evapotranspiration. The annual precipitation and the annual potential evapotranspiration are plotted in Figure 2. According to the experimental study by the Anhui and Huaihe River Institute of Hydraulic Research [45], the extinction depth of groundwater evaporation of soil with different qualities in the local area was 2.18–5.0 m, and the model was calibrated towards this range.





2.3. Model Calibration and Validation


There are 25 groundwater-level observation wells in the study area located in the northern, middle and southern sections and named accordingly, as shown in Figure 1b. Groundwater levels are manually observed every 5 days. In this groundwater simulation analysis, the measured groundwater-level data from 2015 to 2017 were used to calibrate the hydrogeological parameters of the model, and the groundwater-level data from 2018 to 2019 were used to validate the model.



The standardized root mean square error (NRMSE), the relative error (RE), coefficient of determination (R2) and root mean square error (RMSE) [53] were selected as indicators to evaluate the simulation results. The evaluation criteria of these indicators for model simulation are shown in Equations (3)–(6).


  N R M S E =    1 n    ∑  i = 1  n          m i  −  s i     2     s 2        ,  



(3)






  R E =     ∑ u n    m u        ∑ u n    s u      − 1 ,  



(4)






  R M S E =       ∑  u = 1  n        m u  −  s u     2     n    ,  



(5)






   R 2  =         ∑  u = 1  n      m u  − m      s u  − s        2      ∑  u = 1  n        m u  − m    2    ∑  u = 1  n        s u  − s    2        ,  



(6)




where su and mu denote the simulated and measured values of the u-th sample, respectively; m and s denote the mean value; and n denotes the number of measured values.




2.4. Scenario Description


The main drainage ditch is the primary local water-storage and -drainage mechanism. During the rainy season, heavy rainfall and high groundwater levels can cause crop waterlogging. Therefore, the sluice gate at the exit of the main drainage ditch is opened, and the rainwater from farmland drains through the main drainage ditch into the river in the southern part of the area, reducing the farmland groundwater level. During the dry season, the sluice gate at the outlet of the ditch is closed, the water level in the ditch rises and the groundwater level in the field increases through soil infiltration into the field, making it available for crops to use. The purpose of this paper was to study the effect of controlling the water depth in different main drainage ditches on the groundwater level of the farmland, and according to the local rainfall characteristics and the actual operation of the ditches, different main drainage-ditch-water levels are set for the dry and wet seasons, respectively. Based on the on-site survey results, the average depth of the main drainage ditch was 5 m below ground surface; therefore, the depth of the main drainage ditch was divided into 5 sections in 1 m increments, and 5 water level control schemes were set for the dry and rainy seasons. According to the on-site survey, the actual main drainage ditches’ water depth (the distance from the bottom of the drainage ditches to the surface of the water) in the rainy season was 1, 2, 3, 4 and 5 m above the bottom of the ditch, while the actual main drainage ditches’ water depth in the dry season never exceeded 4 m above the bottom of the ditch; thus, twenty main drainage-ditch water-depth combinations were implemented, namely the depth of the main drainage ditches was controlled to between 1 and 4 m above the bottom of the ditch during the dry season and to between 1 and 5 m above the bottom of the ditch during the rainy season, as shown in Table 2. In order to fully understand the effect of groundwater in the control area of the main drainage ditch water depth combination as much as possible, and according to the availability of data, each scenario simulates the changes of groundwater during the growth periods of corn and wheat from 1989 to 2019.




2.5. Crop Drought and Waterlogging Indicators


When the groundwater depth is higher than the suitable groundwater depth for crops (SGDC), there is high soil moisture in the active layer of the root system; the ratio of water, air and heat in the soil is out of balance; and crops are affected by waterlogging stress, which inhibits the growth of crops and leads to a reduction in crop yield [21]. Since the study area is basically rain-fed, when the depth of the groundwater is lower than the SGDC, groundwater is difficult to be used by crops to meet their requirements, and yields will decrease [54,55]. To determine the best water-depth-control plan for the main drainage ditches, the drought and waterlogging conditions of two crops (summer corn and winter wheat) in the study area were analyzed based on the SGDC. With reference to the concepts of drought frequency [56] and drought intensity [57], 20 water-depth-control schemes were evaluated. The main evaluation indicators included the frequency of different stress levels (drought frequency, suitable frequency and waterlogging frequency) and cumulative drought and waterlogging intensity.



2.5.1. Frequency of Drought and Waterlogging Based on SGDC


According to the research results by Hesheng Wang et al. [42,43], the SGDC is 0.4–1.0 m for corn and 0.6–1.5 m for wheat under subclay soil cultivation conditions in the Northern Huaihe River Plain area. The actual growth periods of corn and wheat are shown in Table 3. In the growing period of crops, the daily groundwater depth is analyzed, and the days with less than the minimum SGDC are called waterlogging days; the days within SGDC are called suitable days; and the days with more than the maximum suitable groundwater depth are called drought days. Based on SGDC and drought frequency [53], suitable frequency and waterlogging frequency, FSGD(a,b), are obtained as follows:


   F  S G D ( a , b )   =    g a     G b    × 100 % ,  



(7)




where a = 1–3 indicates drought, suitable and waterlogged, respectively; b = 1–2 (where 1 is summer maize, and 2 is winter wheat); g represents the number of drought days, suitable days and waterlogging days obtained based on SGDC; and G is the total number of days in the growth period of the corresponding crop.




2.5.2. ACDWI Based on the SGDC


Drought and waterlogging disasters are caused by deficits or surpluses in the water balance in a region. When drought and waterlogging coexist, they pose a great threat to the growth of crops. In this paper, based on SGDC and with reference to the drought intensity [57], the annual index of cumulative drought and waterlogging intensity (ACDWI) is defined as the annual summed groundwater depth value when the groundwater depth exceeds the upper limit of SGDC and the lower limit of SGDC by days (Equation (8)).


  A C D W I =  1 N      ∑  i = 1    m 1     S E  W  x i     +   ∑  j = 1    m 2     S E  W  y j       ,  



(8)






  S E  W x  =   ∑  t = 1    m 1       X −  d t      ,  



(9)






  S E  W y  =   ∑  t = 1    m 2        d t  − Y     ,  



(10)




where SEWx (cm d) is the sum of the excess soil water, which is used as an index to evaluate crop waterlogging [58]; dt is the groundwater depth on day t, cm; and X is the upper limit of SGDC (X is 40 and 60 cm for corn and wheat, respectively [42,43]). When dt < X, the crop is affected by excessive water. In Equation (9), it holds that dt = X when dt > X, and dt = 0 when dt < 0. X = 30 cm [58] is used most often in the literature, but X = 50 and 60 cm [59,60] are also used. Y is the lower limit of SGDC (Y is 100 cm and 150 cm for corn and wheat, respectively [42,43]). When dt > Y, crops suffer from drought. The lower the ACDWI value, the smaller the cumulative drought and waterlogging intensity are during the growth period of the crop, and the units are m d.






3. Results and Discussion


3.1. MODFLOW Evaluation


The groundwater-level measurements in the study area were used to calibrate and validate the MODFLOW. The calibration of the groundwater error evaluation index [53] was the best, and combined with the rational determination of the hydraulic conductivity and specific yield [48,49] of layered soil for parameter calibration, the resulting values are shown in Table 4. It can be found that the resulting values are all in the range of Table 1. Maybe due to less cultivation in the southern section, where there are large settlements and the main economic crops are fruits and flowers, partly in greenhouses, the value of the specific yield in the upper layer is relatively larger than in the middle and the north.



In the calibration period and validation period, the NRMSEs were 0.12 and 0.08, respectively; the RMSEs were 0.31 and 0.26 m, respectively; the REs were all 0 m (retaining two decimal places); and the R2 were all above 0.73 (Figure 3). In general, the model simulation can be judged as excellent with a NRMSE of less than 0.25, within the acceptable range, if the NRMSE is greater than 0.25 and less than 0.3 [61]. Chen [62] proposed that an RE less than 0.2 is generally satisfactory. The RMSE is as small as possible, and any R2 greater than 0.65 is acceptable [63]. Thus, the evaluation results of the simulated groundwater level during the model calibration period and validation period met the accuracy requirements of the model simulation.



In order to compare the changes of simulated and measured water levels, the measured and simulated groundwater levels at observation wells near the ditch (M2) and far from the ditch (M5) on the middle line, from 2015 to 2019, are shown in Figure 4a,b. The water level in both of the main drainage ditches at the middle line is shown in Figure 4c. It can be seen from Figure 4a,b that the simulated and observed groundwater levels have the same variation trend. The peak and trough values of some simulated water levels appear earlier than the observed values. The groundwater level, main drainage ditches’ water level and precipitation show positive correlation.



It can also be seen from Figure 4a,b that, from 2015 to 2019, most of the groundwater level appeared below the lower limit of SGDC, showing that the crops were mainly subjected to drought stress. According to Equations (8)–(10), the total cumulative drought and waterlogging intensity of the two crops at the representative field around M2 near the ditch from 2015 to 2019 was 845.5 m d (see the shaded part of Figure 4a), and the ACDWI was 84.6 m d. The total cumulative drought and waterlogging intensity of the two crops at the representative field around M5 far from the ditch from 2015 to 2019 was 694.1 m d (see the shaded part of Figure 4b), and the ACDWI was 69.1 m d. It indicates that the representative field near the ditch suffered more drought stress than the one far from the ditch, and this might be caused by the fact that the water level of the main drainage ditch was lower than 2 m below the ground surface most of the time in the past few years (see Figure 4c), and that the main drainage ditch served mainly to drain during the wet season, while failing to recharge groundwater during the dry season.




3.2. Analysis of Ditches’ Water-Depth Scenarios


In order to reflect the changes of groundwater levels of different ditch-water-depth scenarios, the groundwater-level changes in the middle line of the study area for Scenario 1, with the lowest ditch water depth, and Scenario 20, with the highest ditch water depth during the reproductive stage of corn and wheat (17 August and 20 April, respectively) in normal year 2008, are shown in Figure 5a,b. It can be seen that the groundwater levels of the two crops have the same changing trend from east to west under the same scenario. For Scenario 20, the groundwater level of the fields near M7 and the Chezhe ditch was higher than other fields. For Scenario 1, the groundwater level in the fields far from the ditch was higher than for the fields near the ditch. For Scenario 20, during the growth period of corn, except for the fields near M7, the groundwater level in most fields was lower than the maximum value of SGDC, while the groundwater level of all fields of wheat was below the SGDC. Both crops were in a drought state, but groundwater levels were higher in Scenario 20 than in Scenario 1, meaning that there was less drought stress for both crops in Scenario 20.



In order to study the changes of groundwater drought and waterlogging during the growth period of corn and wheat, based on different combinations of water depths of the main drainage ditches from 1989 to 2019, the area scale and the fields scale were analyzed respectively. The area scale refers to the whole study area. The fields scale was measured based on the representative fields around the observation wells, which should be selected according to the hydraulic connection. Hydraulic connection is related to the distance between observation wells and the main ditch. Fields close to the ditch have strong hydraulic connection with the ditch water, while the fields far from the ditch have weak hydraulic connection with the ditch water. We chose the closest and furthest fields from the ditches as representative fields around the observation wells. The representative wells chosen and their distances from the ditches are shown in Table 5.



3.2.1. Analysis of the Suitable Frequency of the Groundwater Table under Different Scenarios


The suitable frequency corresponding to the SGDC of different crops was analyzed first. To understand the change in the suitable frequency in the entire study area, the average value of suitable frequency corresponding to the SGDC of both crops at all cells in the whole study area was calculated at the area scale. Figure 6 shows the mean suitable frequency of the 20 scenarios in the study area calculated with Equation (7) during the growth periods of both crops from 1989 to 2019. Since the growing season of corn was the rainy season, the drought and waterlogging of corn were not related to the change in the ditch water depth during the dry season. When the water depth of the ditches was 1 m in the rainy season, no SGDC occurred in the whole area. When the water depth of the ditches in the rainy season was 2–5 m, the suitable frequency during the growth period of corn increased as the ditch water depth increased. When the rainy season ditch water depth was 4 m (corresponding to Scenarios 4, 9, 14 and 19), the suitable frequency suddenly increased by 2.2%, and when the ditch water depth was 5 m, the maximum suitable frequency of 5.0% was reached, corresponding to Scenarios 5, 10, 15 and 20. These results show that, to reduce the frequency of drought during the growth period of corn and to meet corn growth needs, the water depth of ditches in the rainy season should be controlled at 4–5 m.



The wheat growth period occurs during the dry season. During the dry season, the groundwater level is mainly affected by the ditch water depths. When the ditch water depth in the dry season was 1 m, no SGDC occurred throughout in the whole region. When the ditch water depth was 2–4 m in the dry season, the suitable frequency of groundwater during the wheat growth period increased with increasing ditch water depth, and the suitable frequency increased suddenly when the ditch water depth reached 3 m in the dry season suddenly by 8.7%. When the ditch water depth reached 4 m in the dry season, the suitable frequency reached its maximum value of 16.0%, corresponding to Scenarios 11 to 20.



Figure 6 also shows that the SGDC frequency during the corn growth period was primarily affected by the ditches’ water depth in the rainy season, similar to the ditch water depth in the dry season during the wheat growth period. The suitable frequencies for both crops increased as the water depth in the ditches increased. Based on the above analysis, Scenarios 14, 15, 19 and 20 resulted in higher frequencies of SGDC for both crops (see Figure 6).




3.2.2. Analysis of the Degree of Drought and Waterlogging Stresses for Scenarios with a High Suitable Groundwater Frequency


Through the above frequency analysis of SGDC reflected by the groundwater level in the study area, it was determined that the combined scenarios of different ditches’ water depths with higher suitable frequencies during the growth periods of both crops were Scenarios 14, 15, 19 and 20. Due to the alternating occurrences of drought and waterlogging in this area, an in-depth analysis was needed to obtain the optimal groundwater-level control scheme among the above four scenarios, using the minimum drought and waterlogging stresses as the criteria. The growth and yield of both crops are closely related to the depth of groundwater. Moreover, due to the different effects of the main drainage ditches on groundwater levels at different locations, the groundwater supplied to crops in different areas varies. To obtain more reasonable scenarios of ditch-water-depth combinations, Scenarios 14, 15, 19 and 20, as identified above, were studied separately to further analyze the drought and waterlogging stresses at representative fields where observation wells existed near and far from the ditch in the northern, middle and southern sections of the study area from 1989 to 2019 (Figure 7, Figure 8 and Figure 9).



During the growth period of corn, when the water depth of the ditches in the rainy season was 4–5 m, the representative fields with observation wells far from the ditch all exposed a groundwater table below the lower limit of the SGDC of 1.0 m; that is, the drought frequency was 100%, showing a dry state (Figure 7a, Figure 8a and Figure 9a). As shown in Figure 7a, no situation higher than the upper limit of the SGDC and no waterlogging occurred in the northern section. In Scenarios 14, 15, 19 and 20, the drought frequency at representative field N2 near the ditch in Scenarios 15 and 20 (both 99.19%) was relatively smaller than that in Scenarios 14 and 19. The degree of crop damage was related to the degree of drought and waterlogging, which was analyzed by ACDWI. The ACDWI of the representative field with observation wells near the ditch (N2) in Scenarios 15 and 20 was less than the values for the corresponding representative fields in other scenarios, and was approximately 52.0 m d. The ACDWI of the representative field with an observation well far from the ditch (N4) was essentially the same for the four selected scenarios; it was approximately 101.0 m d (Figure 7a). Based on a combination of the results of drought and waterlogging frequency, as well as ACDWI, the optimal ditch-depth scenarios for the corn reproductive period in the northern section were Scenarios 15 and 20. According to the same analysis (Figure 8a and 9a), for the middle and southern sections, Scenario 20 and Scenario 15 were optimal.



During the growth period of wheat, Scenarios 14, 15, 19 and 20 correspond to drainage ditch water depths of 3–4 m in the dry season. The representative fields with observation wells far from the ditch were all exposed groundwater levels lower than the lower SGDC limit, showing a dry state (Figure 7b, Figure 8b and Figure 9b). According to Figure 8b, in Scenarios 14, 15, 19 and 20, the drought frequency of approximately 54% at the representative field around N2 near the ditch in Scenarios 19 and 20 was relatively less than that in Scenarios 14 and 15. The ACDWI of Scenarios 19 and 20 was approximately 20.0 m d, less than the value of the corresponding representative fields in other scenarios. Based on a combination of the results of drought and waterlogging frequencies, as well as ACDWI, the optimal ditch-depth scenarios for the wheat reproductive period in the northern section were Scenarios 19 and 20. According to the same analysis for wheat in the middle section, the lowest drought frequency and the lowest ACDWI were found at representative field M2 (near the ditch) and representative field M5 (far from the ditch) for Scenarios 19 and 20 (see Figure 8b). Similarly, for the southern section, Scenarios 14 and 15 are optimal (see Figure 9b).



In summary, Scenarios 15 and 20 were more suitable than other scenarios for corn in all sections. For wheat, Scenarios 19 and 20 were suitable for the middle section and the northern section, but not for the southern section. Therefore, it was difficult to identify a single scenario that was optimal in all sections for both crops (see Table 6). Overall, Scenario 20 was relatively suitable in most cases; it was inferior to Scenarios 14 and 15 for wheat only in the southern section. Therefore, the final recommendation of this study is Scenario 20.



A comparison of Figure 7 and Figure 9 shows that drought stress gradually decreases from the north to the south of the study area. The drought stress of the representative fields near the ditches was lower than for those far from the ditches. The whole region was dominated by drought, and the drought frequency was higher than that of waterlogging. However, in Scenarios 15 and 20, with high ditch-water-depth controls in the middle and south of the study area, waterlogging occurred in the representative fields where observation wells were near the ditch during the growth periods of corn and wheat. This result also indicates that the scenarios with higher ditch-water-depth controls, such as Scenarios 15 and 20, are more suitable for the crop growth and yield in the area.





3.3. Analysis of the Temporal and Spatial Distributions of Drought and Waterlogging Stresses under a Comprehensive Optimal Scenario


Based on the recommended Scenario 20, a spatiotemporal analysis of the distribution of drought and waterlogging in the study area from 1989 to 2019 was conducted to provide further suggestions for water management strategies.



3.3.1. Spatial Distribution Characteristics of Drought and Waterlogging


According to an analysis of the annual cumulative drought and waterlogging intensity (ACDWI) of the two crops in each cell of every 10 years from 1989 to 2019 in the study area (see Figure 10 and Figure 11), most of the high values of ACDWI occurred far from the ditches. Since the study area practices rain-fed farming, if there is no ditch water-level regulation and reliance only on natural precipitation for replenishment, agricultural drought and waterlogging disasters will increase in the region. As shown in Table 7, during the growth period of corn, the ACDWI from 1989 to 1999 was higher than that in the other two 10-year periods, followed by 2010–2019 and lowest in 2000–2009, which was negatively correlated with precipitation, indicating that ACDWI was related to precipitation in the region. From the northern to the southern part of the study area, the ACDWI in each section during the corn growth period showed a clear increasing trend, which indicated that the area needs to be controlled by zoning. During the growth period of wheat, the average ACDWI in the whole area was largest during 1989–1999, followed by 2000–2009, and it was minimal during 2010–2019. The latter two periods had a weak relationship with precipitation. The possible reason is that rainfall mainly occurs during the growth period of corn, while rainfall during the growth period of wheat is low. From the northern to the southern part of the study area, the spatial trend of ACDWI in the growth period of wheat is the same as in the growth period of corn, and it also needs to be regulated by zoning.




3.3.2. Spatial and Temporal Distribution of Droughts and Waterlogging in Different Hydrological Years


According to the precipitation data of Lixin County from 1989 to 2019, three hydrological year types (dry year, normal year and wet year) were determined by annual precipitation depths. Typical years with the frequencies of 75%, 50% and 25% were selected as representative years for analysis [64]. The selected results showed that 2004 was a dry year of 75%, 2008 was a normal year of 50% and 2014 was a wet year of 25% (Figure 2). Figure 12 and Figure 13 show the spatial distribution of ACDWI during the growth period of both crops in different hydrological years. Table 8 shows the ACDWI and the precipitation depths in different hydrological years. During the corn growth period and wheat growth period, the ACDWI of the whole study area was the largest in the dry year of 2004, followed by the wet year in 2014, and minimal in the normal year of 2008. The ACDWI in different hydrological years was negatively correlated with precipitation, indicating that the drought and waterlogging stress during the corn growth period is related to precipitation. From the northern to the southern part of the study area, the ACDWI within each section showed a clear increasing trend during the growth periods of both crops and the need for zonal regulation within the area.






4. Conclusions


In this study, the groundwater-flow model MODFLOW was applied in a study area of 46.9 km2 in the North Huaihe River Plain, China, to simulate the effects of different main drainage-ditch water-depth control schemes on the groundwater level during the growth period of corn and wheat from 1989 to 2019. Based on the upper and lower limits of the suitable groundwater depth of crops (SGDC), the suitable frequency, drought frequency and waterlogging frequency, as well as the annual cumulative drought and waterlogging intensity (ACDWI), were determined to assess the drought and waterlogging stress status of the crops. The main conclusions are as follows:




	(1)

	
MODFLOW is an effective tool for evaluating the effects of open-ditch controlled-drainage programs on regional groundwater conditions that can well reflect the temporal and spatial changes in drought and waterlogging in a given area. Combined with the suitable frequency, drought frequency, waterlogging frequency and cumulative drought and waterlogging intensity of both crops, the drought and waterlogging status in the study area was easily evaluated.




	(2)

	
As the elevation in the north of the study area is higher than in the south, the drought was more serious in the north. The frequency of drought near the ditch showed a decreasing trend from north to south. Therefore, more sluices should be built in different locations of the ditch for zoning control in the future.




	(3)

	
Drought was the dominating stress factor for cropping in the study area, the lowest level of drought stress was achieved under the scenario with highest water depth for the main drainage ditch. This was observed for the entire study area independent from the nearest ditch, albeit the local drought stress was lower in the representative field where observation wells were near to the main ditch than the representative field where observation wells were far from the ditches.




	(4)

	
According to the spatiotemporal variation trend of ACDWI in the scenario with highest water depth, the degree of drought and waterlogging stress decreased with increasing precipitation. It also indicated that drought was the dominating stress factor for cropping in the study area, and it was important to store water during the dry season by closing sluice gates, while it was still necessary to drain excess water on time by opening sluices at storm events during the rainy season.









The results of this study suggest the water depth of the main drainage ditch should be regulated by zoning and by season to alleviate crop drought and waterlogging. Further research is needed to determine how to control the sluice gates in different zones and in different hydrological years. Especially, extreme weather events are becoming more frequent with global warming, and this poses new challenges for the optimization of main drainage ditch control schemes.
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Figure 1. Overview of the study area. (a) Location of the study area. (b) Study area in detail, with the ditches, monitoring wells and sections in the location of the study area. The topographic map of Anhui Province was obtained from the National Administration of Surveying, Mapping and Geographic Information of the People’s Republic of China (http://www.nasg.gov.cn/, accessed on 20 September 2021). The DEM source of the Lixin city was obtained from the NASA (National Aeronautics and Space Administration) website (http://reverb.echo.nasa.gov/reverb/, accessed on 20 September 2021). (c) Conceptual model layout. 
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Figure 2. Annual precipitation measurements from Lixin County Meteorological Station and annual ETp from Bozhou city Meteorological Station from 1989 to 2019 (refer to Section 3.2.2 for the selection of different hydrological years). 
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Figure 3. Comparison of the groundwater levels in the study area during the calibration period (2015–2017) (a) and the validation period (2018–2019) (b). 
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Figure 4. (a) Simulated and measured groundwater-level-change process of the representative field around M2 near the ditch (b) and the representative field around M5 far from the ditch, from 2015 to 2019; (c) water-level-change process of the Chezhe ditch and Xihongsi ditch in the middle line, where ditches cross the groundwater observation well line in the middle section (see Figure 1b). 
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Figure 5. Cross-section of groundwater level in middle line for corn and wheat of Scenarios 1 and 20: (a) 17 August 2008, during corn reproductive stage; (b) 12 April 2008, during wheat reproductive stage. 
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Figure 6. Frequencies of SGDC for corn and wheat under different ditch-water-depth scenarios from 1989 to 2019. 
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Figure 7. Drought and waterlogging stresses under different ditches’ water-depth scenarios in the northern section from 1989 to 2019, (a) corn growth period, (b) wheat growth period. 
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Figure 8. Drought and waterlogging stresses under different ditches’ water-depth scenarios in the middle section from 1989 to 2019, (a) corn growth period, (b) wheat growth period. 
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Figure 9. Drought and waterlogging stresses under different ditches’ water-depth scenarios in the southern section from 1989 to 2019, (a) corn growth period, (b) wheat growth period. 






Figure 9. Drought and waterlogging stresses under different ditches’ water-depth scenarios in the southern section from 1989 to 2019, (a) corn growth period, (b) wheat growth period.
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Figure 10. ACDWI for every 10 years of corn growth period during the 1989–2019: (a) 1989–1999, (b) 2000–2009 and (c) 2010–2019. 
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Figure 11. ACDWI for every 10 years of wheat growth period during the 1989–2019: (a) 1989–1999, (b) 2000–2009 and (c) 2010–2019. 
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Figure 12. Spatial distribution of ACDWI in the corn growth period in different hydrological years: (a) 2004, (b) 2008 and (c) 2014. 
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[image: Water 14 00029 g012]







[image: Water 14 00029 g013 550] 





Figure 13. Spatial distribution of ACDWI in the wheat growth period in different hydrological years: (a) 2004, (b) 2008 and (c) 2014. 
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Table 1. The initial values of the hydraulic conductivity and specific yield in the model.






Table 1. The initial values of the hydraulic conductivity and specific yield in the model.





	
Layers

	
Hydraulic Conductivity (m/d)

	
Specific Yield




	
The Range of Values

	
The Initial Value

	
The Range of Values

	
The Initial Value






	
Layer1 (0–6 m)

	
0.05–1.5

	
0.78

	
0.03–0.065

	
0.048




	
Layer2 (6–35 m)

	
0.5–9

	
4.75

	
0.07–0.16

	
0.115
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Table 2. Water-depth setting of the main drainage ditches.






Table 2. Water-depth setting of the main drainage ditches.





	
Drainage Ditches’ Water Depth (Above the Bottom of the Ditch) in Dry Season in m (from October to May of the Following Year)

	
Drainage Ditches’ Water Depth (Above the Bottom of the Ditch) in Wet Season in m (from June to September)




	
1

	
2

	
3

	
4

	
5




	
Scenario No.






	
1

	
1

	
2

	
3

	
4

	
5




	
2

	
6

	
7

	
8

	
9

	
10




	
3

	
11

	
12

	
13

	
14

	
15




	
4

	
16

	
17

	
18

	
19

	
20
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Table 3. Characteristics of two crops.






Table 3. Characteristics of two crops.





	Crop Name
	Botanical Name
	SGDC in m
	Sowing Time
	Harvesting Time
	Remarks





	Corn
	Zea mays
	0.4–1.0
	5 June
	20 September
	Sensitive to excess water



	Wheat
	Triticum aestivum
	0.6–1.5
	1 October
	31 May
	Sensitive to temperature
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Table 4. The validation values of the hydraulic conductivity and specific yield in the model.






Table 4. The validation values of the hydraulic conductivity and specific yield in the model.





	
Layers

	
Layer 1 (0–6 m)

	
Layer 2 (6–35 m)




	
Parameters

	
Hydraulic Conductivity(m/d)

	
Specific Yield

	
Hydraulic Conductivity (m/d)

	
Specific Yield






	
Northern and Middle Section

	
0.5

	
0.05

	
5

	
0.1




	
Southern Section

	
0.5

	
0.06

	
5

	
0.1
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Table 5. Distance between representative observation wells near the ditch and far from the ditch and the main drainage ditches in the northern, middle and southern line.






Table 5. Distance between representative observation wells near the ditch and far from the ditch and the main drainage ditches in the northern, middle and southern line.





	
Line

	
Observation Wells

	
Distance from Chezhe Ditch/m

	
Distance from Xihongsi Ditch/m

	
Position






	
Northern

	
N2

	
40

	
850

	
near the Chezhe ditch




	
N4

	
465

	
455

	
far from both ditches




	
Middle

	
M2

	
70

	
2050

	
near the Chezhe ditch




	
M5

	
700

	
1340

	
far from both ditches




	
Southern

	
S2

	
50

	
2470

	
near the Chezhe ditch




	
S7

	
1410

	
1125

	
far from both ditches
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Table 6. Suitable scenarios based on a low waterlogging frequency and ACDWI at representative fields with observation wells near and far from the ditch.






Table 6. Suitable scenarios based on a low waterlogging frequency and ACDWI at representative fields with observation wells near and far from the ditch.





	
Section

	
Crop




	
Corn

	
Wheat






	
Northern

	
Scenarios 15 and 20

	
Scenarios 19 and 20




	
Middle

	
Scenarios 15 and 20

	
Scenarios 19 and 20




	
Southern

	
Scenarios 15 and 20

	
Scenarios 14 and 15
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Table 7. Spatiotemporal ACDWI averages for all decades and sections, together with the respective precipitation depths.






Table 7. Spatiotemporal ACDWI averages for all decades and sections, together with the respective precipitation depths.





	
Crop

	
Section

	
1989–1999

	
2000–2009

	
2010–2019






	
Corn

	
Northern

	
67.3

	
63.2

	
67.2




	
Middle

	
77.6

	
74.3

	
77.4




	
Southern

	
108.2

	
104.6

	
107.7




	
Full area scale

	
87.1

	
83.5

	
86.8




	
Wheat

	
Northern

	
56.2

	
54.2

	
50.7




	
Middle

	
70.3

	
69.5

	
64.7




	
Southern

	
137.7

	
136.0

	
126.7




	
Full area scale

	
92.2

	
90.9

	
84.8




	
Average annual precipitation in mm

	
859.6

	
1018.5

	
900.2
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Table 8. Spatiotemporal ACDWI averages for different hydrological years and sections, together with the respective precipitation depths.






Table 8. Spatiotemporal ACDWI averages for different hydrological years and sections, together with the respective precipitation depths.





	
Crop

	
Section

	
2004 (75%)

	
2008 (50%)

	
2014 (25%)






	
Corn

	
Northern

	
67.5

	
62.0

	
65.7




	
Middle

	
77.7

	
73.8

	
75.8




	
Southern

	
108.4

	
104.0

	
106.1




	
Full area scale

	
87.2

	
82.9

	
85.2




	
Wheat

	
Northern

	
55.1

	
54.3

	
54.6




	
Middle

	
70.1

	
69.3

	
69.6




	
Southern

	
135.7

	
135.9

	
136.5




	
Full area scale

	
91.3

	
90.8

	
91.2




	
Annual precipitation in mm

	
733.8

	
859.6

	
919.9
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