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Abstract

:

It is important to clarify the suitable ratio of well–canal combined irrigation and the suitable range for ecological groundwater depth for the ecological stability of the arid zone. The MODFLOW model was used to reconstruct long-term groundwater depth by analyzing the response relationship between vegetation cover and groundwater depth in the Weigan River irrigation district. The suitable range for ecological groundwater depth was obtained, and based on this range, the suitable well–canal combined irrigation ratio in the research area was further simulated. The results show the following: (1) The average annual depth of groundwater in 82.9% of the study area increased from 2012 to 2021, and the average annual depth of groundwater increased by 1.03 m in 2021 compared to 2012. The average depth of the groundwater in the upstream area increased the most, with an increase of 1.96 m. (2) The vegetation cover in the study area from 2012 to 2021 increased in general, with an increase of 0.0461 over the 10-year period, but it fluctuated between years. (3) The depth of the groundwater in the study area suitable for the growth of vegetation in the irrigation area ranged from 3 to 5 m, and the value of NDVI within this range concentrated near 0.564–0.731, which represents a good state of vegetation growth. (4) The ratio of combined well and canal irrigation in the study area from 2012 to 2014 surged from 0.13 in 2012 to 0.48 in 2014, and the irrational harvesting and replenishment relationship led to a rapid increase in the depth of buried groundwater. A suitable well–canal combined irrigation ratio of 0.396 in the study area was obtained. This study is beneficial for maintaining the sustainable development and utilization of water resources and ecological stability in the Weigan River irrigation district.
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1. Introduction


The Weigan River, located in the Aksu Region of Xinjiang, China [1], is one of the important sources among the “Nine Sources and One Mainstream” in the Tarim River basin. The Weigan River basin has an irreplaceable ecological service function, and its ecological stability plays a key role in ensuring water resources for the natural and artificial ecosystems of the whole Tarim River basin [2]. Due to the natural climate characteristics of scarce rainfall and strong evaporation in this area, as well as massive water consumption, with the proportion of agricultural water historically accounting for more than 92%, the shortage of water resources in the Weigan River irrigation district has become increasingly serious [3]. To this end, the Weigan River irrigation district has actively responded to the call for water-saving measures, adopting the combined well–canal irrigation mode and implementing high-efficiency water-saving measures and water-saving irrigation on a large scale [4].



Well–canal combined irrigation refers to a water supply mode in which both well irrigation and canal irrigation are set up at the same time, and surface water and groundwater are jointly applied to agricultural irrigation [5,6]. In fact, it is a general term for “well and canal combination” and “canal and well combination” irrigation modes, which are distinguished according to which of the methods is the primary and the secondary irrigation form [7], and the combined irrigation ratio is determined based on the ratio of well and canal irrigation water [8,9] in agricultural irrigation. The combined application of groundwater and surface water irrigation modes is an effective way to improve water resource utilization efficiency, reduce ineffective diving evapotranspiration, and alleviate water shortages in irrigation areas [10,11]. However, unreasonable implementation will also create new problems and challenges. For example, when combining wells and canals within regions, groundwater recharge and drainage imbalance, groundwater overexploitation, and other problems will lead to a significant drop in the groundwater level and a series of ecological and environmental problems [12]. Therefore, the combination of well and channel irrigation must be carried out on the basis of ensuring the balance between exploitation and compensation of groundwater resources.



Currently, most studies mainly analyze the appropriate well–canal combination irrigation ratio from the perspective of maintaining the recharge and discharge balance of the groundwater system (LIU [8], YUE [13]), while some studies have further carried out research on the well–canal combination irrigation ratio in the context of soil salinity [11,14,15], the sustainability of water resource use [13,16,17,18], and the implementation conditions of the areas where wells and canals are combined [19].



There is an important relationship between groundwater depth and regional vegetation coverage [20,21]. As an important link to water circulation, vegetation can affect evapotranspiration, water infiltration, and other processes [22]. Various vegetation indices based on remote sensing technology can be used to analyze and evaluate the growth status of vegetation, plant community structure, and vegetation coverage rate and its change trend [23]. At present, there are more than 40 vegetation indices available for research, such as the normalized difference vegetation index (NDVI), enhanced vegetation index (EVI), and soil-adjusted vegetation index (SAVI) [24], among which the SAVI is more suitable for characterizing vegetation cover and subsurface changes on a small scale. The EVI has a relatively poor time-series stability due to its high sensitivity to light, which makes it prone to anomalies in long-time-series analyses. Meanwhile, the NDVI, the most commonly used vegetation index, has the disadvantage of being susceptible to the effects of atmospheric residual noise, which weakens its reliability [23,24,25,26,27,28,29,30,31]. Overall, the NDVI has better time-series stability than the EVI and is more suitable for extracting large-scale subsurface information than the SAVI. At the same time, the NDVI can be pre-processed to eliminate most of the data errors caused by the instrument calibration, solar angle, topography, cloud shading, and atmospheric conditions, thus enhancing its responsiveness to changes in vegetation cover. Many studies [32,33,34,35] have been conducted to analyze the linkage between vegetation growth and groundwater level dynamics based on the NDVI, providing support for determining the appropriate ecological groundwater depth [36,37]; however, comprehensive analyses of the coupled well–canal combined irrigation ratio, the vegetation growth index, and the groundwater depth are not common.



Groundwater is the last line of defense for the ecology of arid and semi-arid regions, and determining the appropriate range for groundwater depth is the foundation for maintaining ecological stability [38,39]. The appropriate groundwater depth range is closely related to the subsurface and hydrogeological conditions, and under large-scale conditions, numerical simulation is an effective tool to analyze the well–canal combined irrigation ratio, vegetation dynamics, and the mutual feedback relationship of groundwater depth coupling. At present, the commonly used groundwater numerical simulation software in China and abroad mainly includes MIKE SHE [40], MODFLOW, and FEFLOW [41], among which the MODFLOW model is most widely used.



In summary, this study takes the Weigan River irrigation district as the research area and uses the MODFLOW model to reconstruct the long-term changes in groundwater depth. On this basis, this study analyzes the response relationship between vegetation dynamics and groundwater depth based on the NDVI and determines the groundwater depth that is conducive to maintaining the ecological stability of the study area. Then, different scenarios of the well–canal combined irrigation ratio are set, and the MODFLOW model is used to study the well–canal combined irrigation regime to maintain the groundwater system at a reasonable groundwater depth, thus providing a scientific basis for the sustainable development of the study area. Relevant research can also provide useful references for the formulation of water-saving and ecological protection policies in other irrigation areas.




2. Materials and Methods


2.1. Overview of the Study Area


The Weigan River irrigation district (Figure 1) is located in the alluvial plain in the middle and lower reaches of the Weigan River Basin in Xinjiang. It is flat and is mainly distributed as a quaternary pore water-bearing system [1]. The aquifer groups are strata consisting of pebble gravel, sandy gravel, and single-structure driftstone, with an uncovered thickness in the range of 80–150 m, It is a strongly permeable stratum with very good permeability and water enrichment, categorized as the diving type. The particles in the formation gradually become finer from north to south, and the permeability coefficient gradually decreases. The Weigan River flows from the mountain pass, and the water flow direction inland of the irrigation area is consistent with the slope direction of the ground, both flowing from north to south. The average annual rainfall in the irrigation area is approximately 51.5 mm, and the distribution is uneven, mainly from June to September [3]. The average annual evaporation is 2123 mm, with strong evaporation and scarce rainfall, representing a typical arid continental climate [2]. The main crops in the irrigation area are cotton, wheat, and corn, and the natural vegetation mainly includes desert riparian forest vegetation such as Populus euphratica and willow [42]. Governing members of the irrigation district actively responded to the call for water-saving measures and vigorously promoted and implemented the well and canal combined irrigation mode. The irrigation water sources are mainly canal head diversions, groundwater, and rainfall, and the combined irrigation ratio in recent years has been maintained at approximately 0.5. According to the “Third Water Resources Survey and Evaluation Report of Xinjiang”, the average annual overexploitation of groundwater in the Weigan River–Kucha River basin from 2018 to 2021 was 290.4 million m3. The overexploitation of groundwater and the irrational system of combined irrigation with wells and canals have led to an increase in the depth of the groundwater year by year and even the emergence of landfall funnels in some areas.




2.2. Data Sources and Data Pre-Processing


2.2.1. DEM Data


The 90 m × 90 m DEM data used in this paper were downloaded from Geospatial Data Cloud (https://www.gscloud.cn/search, accessed on 19 September 2022), showing the study area’s highest elevation at 1105 m and lowest elevation at 901 m.




2.2.2. NDVI Data


The MODIS data used in this paper were the MOD13 vegetation index product released by NASA (https://earthdata.nasa.gov/, accessed on 23 April 2023), with a temporal resolution of 16 days and a spatial resolution of 500 m. Through the Google Earth Engine (GEE) platform, we pre-processed the NDVI changes in the Weigan River irrigation area and utilized ENVI 5.3 software for band synthesis, image enhancement, and geometric correction. After that, the annual and monthly mean NDVI data from 2012 to 2021 were finally obtained.




2.2.3. Aquifer Properties Data


In this paper, the data for the water supply degree and lithological characteristics of the aquifer were extracted from the “Survey and Evaluation Report of Planned Groundwater Resources in the Weigan River Basin of Aksu Region, Xinjiang” and the “Weigan River Basin Planning Main Hub Engineering Geological Survey Report”, while the data for the infiltration coefficient were extracted from the “Survey and Evaluation Report of Planned Groundwater Resources in the Weigan River Basin of Aksu Region, Xinjiang”. They were also based on measurements achieved through double-ring field experiments in the irrigation areas of Kuqa, Shaya, and Xinhe counties, which were validated by the data provided in the report.




2.2.4. Groundwater Depth and Water Resources Development and Utilization Data


The measured groundwater depth data in this paper were obtained from the Aksu Water Conservancy Bureau and the Weigan River Water Conservancy Bureau, and the time periods of the measured groundwater depth data were 2015–2016 and 2018–2021. For the groundwater depth data in 2012–2014 and 2017, this paper used the MODFOLW groundwater numerical model to simulate and reconstruct the data. The amount of water diversion and groundwater exploitation at the head of the canal was obtained from the Aksu Water Conservancy Bureau and the Weigan River Water Conservancy Bureau, within the period of 2012–2021. The exploitable amount of groundwater in Weigan River was obtained from the “Third Water Resources Survey in Xinjiang”. Irrigation quota data were extracted from the “Research Report on Water Resources Carrying Capacity and Comprehensive Regulation in Aksu Region under Changing Conditions” and the “Survey and Evaluation Report of Planned Groundwater Resources in the Weigan River Basin of Aksu Region, Xinjiang”.




2.2.5. Other Hydrometeorological and Subsurface Information Data


The precipitation and evapotranspiration data for the period from 2012 to 2021 were obtained from the Aksu Water Resources Bureau and the National Weather Service (http://data.cma.cn/, accessed on 23 April 2023). The division of upstream, middle, and downstream irrigation areas was determined by the Aksu Water Resources Bureau based on the distribution of groundwater monitoring wells. Monitoring wells 1–13 and their surrounding areas are upstream areas, monitoring wells 14–25 are their surrounding areas are midstream areas, and monitoring wells 25–38 and their surrounding areas are downstream areas.





2.3. Research Methodology


The study process is specified below (Figure 2).



2.3.1. Establishment of MODFLOW Modeling


	(1)

	
Spatial and Temporal Discrete Division







The data show that the average depth of groundwater in the Weigan River irrigation district from 2006 to 2012 was in the range of 3.01–3.84 m, and the depth of groundwater in 2012 was 4.52 m. The depth of groundwater increased significantly in 2012, meaning that the simulation cycle was selected to start in 2012 and end in 2021, which is the most recent year with available data. At the same time, we obtained continuous monthly monitoring data of groundwater depth from January 2018 to December 2019, which were conducive to model calibration. Therefore, the period from January 2018 to December 2019 was used as the calibration period for the model, and the period from January 2020 to December 2021 was used as the validation period for model identification and validation. According to the “Xinjiang Aksu Area Weigan River Basin Planning Groundwater Resources Investigation and Evaluation Report”, it can be seen that the exchange of water between deep groundwater and shallow groundwater in the study area is weak, and most of the groundwater exploitation in the study area involves only the submersible aquifer; therefore, the groundwater system in the irrigation area is a single submersible aquifer. A square grid dissection of 500 m×500 m was used in MODFLOW in the horizontal direction, and it was then vertically divided into one layer of aquifer. The model was dissected into 193 rows, 182 columns, and 1 layer, with a total of 22,850 effective differential computation cells. The study area was 5614.13 km2.



	(2)

	
Source and sink terms; boundary delimitation







The submerged aquifer in the Weigan River irrigation district was modeled using the LPF package of MODFLOW and the convertible aquifer type. The upper boundary of the aquifer receives infiltration recharge from the precipitation and return water from irrigation, and the lateral boundary of the aquifer receives lateral runoff recharge. Groundwater is discharged via evapotranspiration, groundwater mining, and recharge to the river.



Precipitation infiltration recharge and irrigation return water infiltration recharge were simulated using the Recharge package of MODFLOW. Among them, the precipitation infiltration recharge coefficient was mainly related to the soil and land use type. Referring to “Groundwater Resources of Xinjiang”, the precipitation infiltration recharge coefficient of Xinjiang ranges from 0.08 to 0.32, and it was set to 0.25 after the debugging and rate determination of the model. Referring to “Groundwater Resources of Xinjiang”, the irrigation infiltration recharge coefficient of Xinjiang ranges from 0.12 to 0.31, and it was set to 0.28 after the debugging and rate determination of the model so that all groundwater irrigation water infiltration recharge in the study area was simulated through the MODFLOW Recharge package. After model debugging and rate setting, it was set at 0.28, so as to estimate the infiltration recharge of all groundwater irrigation water in the study area. The total statistical groundwater extraction was divided equally in each extraction well and simulated using the well package. Submerged evapotranspiration is mainly related to the evapotranspiration capacity and the depth of the groundwater, so the evapotranspiration was estimated using the month-by-month water surface evapotranspiration data measured at the hydrological stations and simulated using the Evapotranspiration package.



The study area is a relatively independent groundwater system, and it is bounded by the Cholertag Mountain in the north. This boundary is impermeable, so it can be regarded as a water-isolated boundary. In the south, the study area is bounded by the Tarim River, and the exchange of water between the Tarim River and the groundwater, which is manifested as the groundwater recharging to the Tarim River year-round, is generalized as a river boundary, which was simulated using the River package. The east, northeast, southeast, northwest, and southwest boundaries have no obvious demarcation lines, and are all artificially determined boundaries. Their flow lines are determined according to the collected groundwater isohydraulic headline map (Figure 3). The northeast and northwest boundaries are divided along the flow line, with no water flux exchange, and they are designated as zero-flux boundaries. The southeast, east, and southwest boundaries are generalized as flow boundaries.



	(3)

	
Initial Conditions and Hydrogeologic Conditions







The groundwater flow field did not change significantly from 2006 to 2012, and the 2006 flow field was approximated as the 2012 flow field and set as the initial flow field driving the simulation. As seen in Figure 3, the flow direction of the groundwater flow field was derived from the initial flow field map as flowing from north to south. Combined with the hydrogeological data and double-loop field experiments, the permeability coefficient K of the aquifer was finally set to 1.2–3.1 after rate determination (Figure 4, Appendix A), and Kz was not set due to the division of a layer of aquifer in the vertical direction in the simulation and the assumption that the aquifer level in the study area is isotropic. Therefore, Kx = Ky = K for the same partition in the simulation. Furthermore, based on the collected data of the report, the range of values of the water-feeding degree was 0.1. According to the collected report data, the range of water supply degree is 0.1–0.18, and the value of water supply degree of each partition is determined through the rate determination (Table 1) so that the dynamic change in the groundwater level is closer to the actual situation.



The results of the zonal assignment of hydrogeological parameters in this model are shown in Figure 4 and Table 1.




2.3.2. Performance Evaluation Method of MODFLOW Model


In this study, three indices, namely the coefficient of determination (R2), root mean square error (RMSE), and mean absolute error (MAE), were selected to evaluate the accuracy and stability of the model, followed by a second validation of the model based on the water equilibrium method.




	(1)

	
Model Performance Evaluation Index
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(3)




where     S   i     and     O   i     are the simulated and measured values of the time i, respectively, and     S  ¯    and     O  ¯    are the mean values of the simulated and observed values, respectively.     O   m a x     and     O   m i n     represent the maximum and minimum values of the observed values, respectively.   N   is the number of observations.



	(2)

	
Water Balance Method







The water balance method is a method used to estimate the total “possible water inflow” by analyzing the relationship between the income and expenditure of water balance using a balance equation according to the basic principle of the dynamic balance of the groundwater in the exploitation area.



The Weigan River is located in the northwest arid area of China; the climate is dry and has little rain, which is a typical continental climate. The annual precipitation provides less recharge to groundwater, and there is more evaporation in the field. Therefore, the groundwater recharge factors in the experimental area mainly include lateral inflow, field infiltration recharge, and rainfall infiltration recharge. The excretion factors in the test area include plant lateral outflow, extraction, displacement, and diving evapotranspiration. Accordingly, the groundwater equilibrium equation is established as follows:


    Q   l i g   +   Q   r c s   +   Q   f i a   +   Q   r i r   −     Q   l o   +   Q   m q   +   Q   d   +   Q   d e     = ∆ Q  



(4)




where Qlig is the annual lateral inflow of groundwater, m3; Qrcs is the annual leakage recharge of the canal system, m3; Qfia is the annual irrigation field infiltration allowance, m3; Qrir is the annual rainfall infiltration recharge, m3; Qlo is the annual lateral outflow, m3; Qmq is the mined quantity, m3; Qd is the displacement, m3; and Qde is the diving evapotranspiration, m3.




2.3.3. Mann–Kendall Trend Test


The Mann–Kendall trend test (hereinafter referred to as the MK test) is widely used to examine the trends in hydrological or meteorological sequences.
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  Z =         S − 1      Var  ⁡    S        , S > 0       0 , S = 0         S + 1      Var  ⁡    S        , S < 0        



(7)




where the statistic Z is used to calculate the significance of the trend, with Z > 0 indicating a positive (increasing) trend in the series and Z < 0 indicating a negative (decreasing) trend. |Z| ≥ 1.96 and |Z| ≥ 2.58, respectively, indicate significance at the 95% and 99% confidence levels, and Var(S) is the variance of S.






3. Results and Analysis


3.1. Model Identification and Validation


The water balance method and numerical simulation method were used to compare and calculate the water balance of the study area from 2018 to 2021, and the comparison results are detailed in Table 2, which shows little difference in the calculation results between the two methods. At the same time, the R2 between the groundwater level of typical observation wells simulated using the MODFLOW model and the actual water level was >0.7 (Figure 5), demonstrating that the trend in changes in the simulated and measured groundwater levels was relatively consistent and indicating that the simulation effect of the model was good. Therefore, the model could be used for subsequent numerical simulations and analyses of groundwater levels under different scenarios of combined well and canal irrigation regimes.




3.2. Analysis of Spatiotemporal Variation in Groundwater Depth


The interannual change in groundwater depth simulated through MODFLOW is shown in Figure 6. During the 10-year period, the groundwater depth in the Weigan River irrigation district showed an overall increasing trend, increasing from 4.52 m in 2012 to 5.55 m in 2021, an increase of 1.03 m. The upstream groundwater depth increased the most, increasing from 4.47 m to 6.43 m, an increase of 1.96 m; meanwhile, the middle and downstream areas had a relatively small increase in groundwater depth, increasing by 0.53 m and 0.58 m. The relative increase in groundwater depth in the middle and lower reaches was small, with the groundwater depth in the middle reaches increasing from 4.71 m to 5.24 m, an increase of 0.53 m, and the groundwater depth in the lower reaches increasing from 4.41 m to 4.99 m, an increase of 0.58 m.



In 2021, in contrast to 2012, 82.9% of the area showed an increasing trend in groundwater depth, with variations ranging from 0 to 5 m. Additionally, localized areas experienced drawdown cone phenomena, with regions exhibiting groundwater depth reductions of 0–1 m, 1–2 m, 2–3 m, and 3–4 m, accounting for 0.1%, 0.6%, 2.1%, and 13.6% of the total study area, respectively. These were concentrated primarily in the forested land cultivation area.



Over 10 years, the area with a groundwater depth of less than 3 m steadily decreased, declining from 23% in 2012 to 1% in 2014. Subsequently, while there was an increase in the proportion of areas with a groundwater depth below 3 m, it remained consistently below 5%.



The proportion of areas with a groundwater depth exceeding 5 m started to increase, starting at 30% in 2012 and reaching its peak at 70% in 2018. After 2019, it began to decline, with 56% of the area still having a groundwater depth greater than 5 m in 2021 (Figure 7).




3.3. Response of Groundwater Depth to Changes in Well–Canal Combined Irrigation Ratio


As shown in Figure 8, the amount of groundwater exploitation increased greatly in 2012–2014, which led to a significant increase in the combined irrigation ratio of wells and canals, from 0.13 in 2012 to 0.48 in 2014, after which the increase slowed down and was maintained at approximately 0.5. The relatively stable combined irrigation ratio of wells and canals also maintained a relatively stable groundwater depth, and the maximum combined irrigation ratio reached 0.58 in 2018, which corresponded to the annual average groundwater depth, while the 10-year maximum was 5.88 m.




3.4. Spatiotemporal Variation Characteristics of NDVI in the Weigan River Irrigation District


From 2012 to 2021, the NDVI in the Weigan River irrigation district showed an overall growth trend, beginning to increase rapidly after reaching 0.5055 in 2015 and beginning to decrease slightly after reaching a maximum of 0.5574 in 2017, then showing floating growth (Figure 9). The average NDVI in the study area increased from 0.5005 in 2012 to 0.5467 in 2021, with an increase of 0.0461 in 10 years and a growth rate of 0.0047 units/a.



The spatial distribution of the NDVI change trend is shown in Figure 10. As can be seen in the figure, the vegetation in the study area showed a greening trend in general, with a significant increase in NDVI in 63.55% of the vegetation-covered areas (t > 1.96) and a significant decrease in NDVI in only 12.85% of the vegetation-covered areas (t < −1.96). The degraded areas were mainly concentrated in the irrigation areas, which may be related to the adjustment of the crop cultivation structure.



Figure 11 shows the spatial distribution of the annual average NDVI in 2012, 2015, 2018, and 2021. The NDVI in the study area had obvious spatial differentiation characteristics—that is, the NDVI values were higher in the upstream and middle reaches of the irrigation area. Additionally, large areas, except for localized areas with NDVI < 0.2, had an NDVI over 0.36. The NDVI of the downstream irrigation area was generally lower than that of the upstream and middle irrigation areas, and it was concentrated in 0.02–0.36 in some areas for many years.




3.5. Analysis of Suitable Groundwater Depth in the Weigan River Irrigation District


The depth of groundwater and the corresponding average value of NDVI were counted at 0.1 m intervals, and the results are shown in Figure 12. When the groundwater depth was less than 4 m, NDVI increased with increasing groundwater depth. When the depth of the groundwater was more than 4 m, NDVI decreased with increasing the depths of groundwater. When the groundwater depth was maintained at 3–5 m, the corresponding NDVI value ranged from 0.564 to 0.731, the vegetation coverage rate was better, and the vegetation was in a good growth condition. When the depth of the groundwater was less than 3 m, although the groundwater recharge was more abundant, the diving evaporation was high, which generates a large amount of water dissipation and may lead to soil salinization, which is not conducive to the growth of vegetation. When the groundwater depth was maintained at 5~6 m, the groundwater depth was greater than the reasonable range suitable for crop growth, it was difficult for the root system of the vegetation to grow using the groundwater, and the vegetation coverage rate decreased accordingly. When the groundwater depth exceeded 6 m, the NDVI was less than 0.2, and the change in groundwater depth had little effect on vegetation coverage.




3.6. Analysis of Suitable Well–Canal Combined Irrigation Ratio in the Weigan River Irrigation District


Under the conditions that the irrigation area of the study region is 3786.17 km2 and the diversion water at the head of the canal is maintained at the current status of 2.3513 billion m3 (2020), the initial constraints kept the net irrigation water consumption unchanged in 2020 (1.9172 billion m3) and ensured that the amount of groundwater extraction did not exceed the recoverable amount of 973.1 million m3. Different well–canal combined irrigation ratio schemes were set by adjusting the effective utilization coefficient of irrigation water and the groundwater mining output in the irrigation area. Using the MODFLOW model to simulate the dynamic changes in the groundwater level, we explored a well–canal combined irrigation system that maintains a suitable ecological groundwater depth (3–5 m). Except for the mining output of groundwater, the boundary conditions of other models in each scheme were consistent with the situation in 2020, and the hydrogeological parameters involved in the MODFLOW model remained unchanged.



A total of four scenarios were formulated for simulation in this study (Table 3), and the effective use coefficient of irrigation water was increased by 0.002, 0.003, 0.004, and 0.005/year, respectively, for a total of fifteen years of simulation. In particular, in Scenario 3 and Scenario 4, since the groundwater exploitation amount is lower than the standard for the extractable quantity of groundwater in 2030, which belongs to the exploitable groundwater range, the groundwater exploitation amount after 2030 is assumed to remain unchanged, and it will still be exploited according to the 2030 exploitation amount. In 2035, the combined irrigation ratio of wells and canals in the four scenarios was adjusted to 0.421, 0.396, 0.384, and 0.373, respectively.



By comparing the groundwater depth maps under the current irrigation scheme (Figure 13) and different combined irrigation schemes (Figure 14), it can be seen that, compared with the current irrigation scheme, the groundwater level in Scenario 1 is rising and the groundwater depth is increasing year by year, and by 2035, the percentage of the area in the ecologically suitable groundwater depth zone decreases from 17.91% to 11.03%, with an overall decrease of 6.88%. The groundwater depth in Scenarios 2–4 has been reduced to varying degrees, in which 70.39% of the area in Scenario 2 is located in the suitable ecological groundwater depth interval, which is the largest proportion of ecological groundwater depth interval area in the four scenario simulations. In Scenario 3 and Scenario 4, the area where the groundwater depth is within the range of suitable ecological groundwater depth accounts for 57.38% and 49.81%, respectively, which is 39.47% and 31.91% higher than that in 2020. Therefore, from the point of view of suitable ecological groundwater depth, the well–canal combined irrigation ratio in Scenario 2 is 0.384, which is relatively suitable in the four scenarios of the Weigan River irrigation district (Figure 15).





4. Discussion


Clarifying the appropriate ratio of well–canal combined irrigation can help maintain the balance of extraction and replenishment of the groundwater system and ecological stability [43,44,45]. In this study, based on the ecological groundwater depth interval derived from the simulation using the MODFLOW model, the appropriate well–canal combined irrigation ratio in the study area is 0.396. It has been shown that in arid and semi-arid zones, alternating irrigation with multiple water sources is conducive to the sustainable use of water resources [46], and that the ratio of the implemented well–canal combined irrigation should not be greater than 0.4 [47,48,49], which also further validates the reasonableness of our simulation results.



Due to the specific climatic characteristics of arid zones with scarce rainfall and strong evaporation, the vegetation relies heavily on groundwater for evapotranspiration [50,51]. As shown in Figure 16, the correlation coefficients between the multi-year average depth of groundwater and NDVI in the irrigation area were in the range of −0.987~0.987. The areas with poor correlation between NDVI and groundwater depth were mostly agricultural fields, and although there was an increasing trend in the ratio of combined well–canal irrigation, canal water was still the main source of irrigation in the local area. Thus, the correlation is not high. For example, in 2018, the well–canal combined irrigation ratio reached a maximum of 0.58, which means that groundwater provided 36.7% of the irrigation water. The areas with strong correlation between NDVI and groundwater depth were mostly ecological forest plantation areas. In this study, the maximum value of NDVI was measured in the groundwater depth of 3–5 m, followed by 2–3 m. When the groundwater depth was greater than 6 m, the value of NDVI was less than 0.2, and with increases in the groundwater depth, NDVI continued to decrease. In the research on the relationship between vegetation growth and groundwater depth response in the arid zone, it has also been shown that the reasonable threshold for the appropriate growth of vegetation crops in the arid zone is 3–5 m [52], and the vegetation begins to suffer from growth stress at a depth of 6 m in the groundwater depth [38,53,54].



According to the “Survey and Evaluation Report of Planned Groundwater Resources in the Weigan River Basin of Aksu Region, Xinjiang”, Populus euphratica is the main ecological forest plantation species in the study area. The suitable groundwater depth for Populus euphratica is 3–5 m, and its stress water level is 6–8 m [54]. This is generally consistent with the pattern depicted in Figure 11, where NDVI shows a positive correlation with groundwater depths below 4 m and NDVI shows a negative correlation with groundwater depths above 4 m. Due to the low rainfall in arid areas such as the study area, groundwater is an important resource for supporting the growth of vegetation; however, the uncontrolled exploitation of groundwater will inevitably destroy the stability of the groundwater flow field in the natural vegetation area, meaning that the depth of the groundwater will continue to increase, resulting in drought stress of natural vegetation and even large-scale extinction [51,54].



There are still several aspects of uncertainty in the current study. First, because the groundwater extraction data obtained so far are the total amount of extraction in the whole irrigation area, the groundwater extraction was uniformly distributed in all grids when the model was built, which means that the results of the analysis of the appropriate well–canal combined irrigation ratio have a certain degree of uncertainty. For example, the buried depth in the upper and middle eastern irrigation areas was 5–8 m, which may be related to the centralized distribution of groundwater extraction. Subsequent research must further collect data on the spatial distribution of the extraction volume to study the spatial distribution characteristics of the appropriate ratio of wells and canals, and to provide better support for management of the local water resources in a refined manner. Second, evaporation is extensive in arid areas; therefore, a large portion of irrigation water is consumed by evaporation. In irrigation areas with shallow groundwater depths, submersible evaporation is also relatively strong. A large amount of evaporation may lead to soil salinization [55], which damages the ecosystem; therefore, it is necessary to incorporate the risk of soil salinization into the analysis of the ratio of suitable wells and canals for combined irrigation. Third, the availability of irrigation water sources was not considered in the scenario analysis. For example, the non-stationary response of surface water and groundwater levels to climatic conditions may make it impossible to achieve an ideal well–canal co-irrigation ratio in some seasons, and there may be a difference between the ideal well–canal co-irrigation ratio and the feasible well–canal co-irrigation ratio, which needs to be further analyzed.



Although the dynamic change in NDVI reflects the change in vegetation growth, it is worth noting that at present, most groundwater models do not show the input information regarding vegetation dynamics, nor can they display the complex coupling relationship between simulated vegetation dynamics and the groundwater system. Instead, the groundwater model is driven by input precipitation infiltration recharge, evaporation, and transpiration; therefore, the simulation and analysis results are uncertain, and water resource management measures are not formulated through dynamics. Groundwater models that tightly couple land use and vegetation information will be a valuable topic in the field of groundwater numerical simulation in the future.




5. Conclusions


(1) From 2012 to 2021, the groundwater depth in 82.9% of the area of the Weigan River irrigation district increased, and the average groundwater depth increased from 4.47 m in 2012 to 6.43 m in 2021, with an increase of 1.96 m. In the past 10 years, the groundwater depth in the upstream area has always been higher than that in the middle and lower reaches.



(2) The vegetation cover of the Weigan River irrigation district from 2012 to 2021 generally increased but fluctuated between years, and the spatial distribution of NDVI in the study area had obvious spatial differentiation characteristics and regional imbalances—that is, the NDVI value was higher in the upstream area and the middle reaches of the regional irrigation area, whereas the downstream regional irrigation area had a lower average value of NDVI compared with the upstream and the middle reaches of the regional irrigation area.



(3) When the groundwater depth in Weigan River irrigation district was less than 4 m, the NDVI increased with increasing groundwater depth, and when the groundwater depth was more than 4 m, the NDVI decreased with the increasing groundwater depth. The depth of the groundwater in the Weigan River irrigation district that was suitable for the growth of vegetation in the irrigation area ranged from 3 to 5 m, and the value of NDVI within this range concentrated around 0.564–0.731, with a good state of growth of vegetation.



(4) The well–canal combined irrigation ratio in the Weigan River irrigation district changed dramatically from 2012 to 2014, and the irrational extraction and replenishment relationship led to a rapid increase in the depth of the groundwater. Based on the constraints of suitable groundwater depth and exploitable amount, it is concluded that the appropriate ratio of combined well and canal irrigation in the Weigan River irrigation district is 0.396.
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Table A1. Record sheet of double-ring field experiment in Xinhe County, Weigan River irrigation area.






Table A1. Record sheet of double-ring field experiment in Xinhe County, Weigan River irrigation area.





	
Name of Water Source Area: Weigan River Irrigation District

	
Test Number: 1




	
Location: Xinhe County

	
Date: 22 February 2023, 13:17




	
Coordinates: 41°37′32″ N, 82°34′54″ E




	
Experimental Water Addition Frequency

	
Time

(min)

	
Water Addition (cm3)

	
Infiltration Flow Rate (cm3/min)

	
Permeability

Coefficient

(m/d)






	
1

	
5

	
320

	
64.00

	
2.94




	
2

	
5

	
295

	
59.00

	
2.71




	
3

	
10

	
555

	
55.50

	
2.55




	
4

	
10

	
520

	
52.00

	
2.38




	
5

	
15

	
700

	
46.67

	
2.14




	
6

	
15

	
680

	
45.33

	
2.08




	
7

	
20

	
865

	
43.25

	
1.98




	
8

	
20

	
860

	
43.00

	
1.97




	
9

	
30

	
1290

	
43.00

	
1.97




	
10

	
30

	
1290

	
43.00

	
1.97











 





Table A2. Record sheet of double-ring field experiment in Shaya County, Weigan River irrigation area.






Table A2. Record sheet of double-ring field experiment in Shaya County, Weigan River irrigation area.





	
Name of Water Source Area: Weigan River Irrigation District

	
Test Number: 2




	
Location: Shaya County

	
Date: 23 February 2023, 14:50




	
Coordinates: 41°17′32″ N, 82°50′01″ E




	
Experimental Water Addition Frequency

	
Time

(min)

	
Water Addition cm3

	
Infiltration Flow Rate (cm3/min)

	
Permeability

Coefficient

(m/d)






	
1

	
5

	
250

	
50.00

	
2.29




	
2

	
5

	
220

	
44.00

	
2.02




	
3

	
10

	
450

	
45.00

	
2.06




	
4

	
10

	
380

	
38.00

	
1.74




	
5

	
15

	
460

	
30.67

	
1.41




	
6

	
15

	
450

	
30.00

	
1.38




	
7

	
20

	
540

	
27.00

	
1.24




	
8

	
20

	
535

	
26.75

	
1.23




	
9

	
30

	
805

	
26.83

	
1.23




	
10

	
30

	
805

	
26.83

	
1.23











 





Table A3. Record sheet of double-ring field experiment in Kuqa City, Weigan River irrigation district.






Table A3. Record sheet of double-ring field experiment in Kuqa City, Weigan River irrigation district.





	
Name of Water Source Area: Weigan River Irrigation District

	
Test Number: 3




	
Location: Kuqa City

	
Date: 24 February 2023, 8:12




	
Coordinates: 41°30′45″ N, 83°21′52″ E




	
Experimental Water Addition Frequency

	
Time

(min)

	
Water Addition cm3

	
Infiltration Flow Rate (cm3/min)

	
Permeability

Coefficient

(m/d)






	
1

	
5

	
390

	
78.00

	
3.58




	
2

	
5

	
330

	
66.00

	
3.03




	
3

	
10

	
630

	
63.00

	
2.89




	
4

	
10

	
600

	
60.00

	
2.75




	
5

	
15

	
790

	
52.67

	
2.42




	
6

	
15

	
780

	
52.00

	
2.38




	
7

	
20

	
970

	
48.50

	
2.22




	
8

	
20

	
965

	
48.25

	
2.21




	
9

	
30

	
1445

	
48.17

	
2.21




	
10

	
30

	
1445

	
48.17

	
2.21
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Figure 1. Overview of the geographic location of the study area. 
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Figure 2. Flowchart of the study. 
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Figure 3. Model initial heads and boundary conditions (2006). 
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Figure 4. Partition diagram of permeability coefficient. 
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Figure 5. (a,d,g) are the fitting diagrams of groundwater levels of some monitoring wells in the upstream, middle, and downstream irrigation areas of the Weigan River irrigation district from 2018 to 2021, respectively. (b,c,e,f,h,i) are the correlation analyses of the simulated subsurface measured values of some monitoring wells in the upstream, middle, and downstream irrigation areas of the Weigan River irrigation area, respectively. 
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Figure 6. Partial interannual spatial distribution variation in groundwater depth in the Weigan River irrigation district. 
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Figure 7. (a) Spatial distribution. (b) Percentage of area with change in groundwater depth in the Weigan River irrigation district in 2021 in comparison to 2012. (c) Proportions of areas with different depths from 2012 to 2021. 
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Figure 8. Response relationship between groundwater depth and well–canal combined irrigation ratio. 
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Figure 9. Average NDVI variation in the Weigan River irrigation district (2012 to 2021). 
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Figure 10. Spatial distribution of the NDVI MK trend test in the Weigan River irrigation district (2012 to 2021). 
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Figure 11. Spatial distribution of the annual average NDVI in the Weigan River irrigation district for 2012, 2015, 2018, and 2021. 
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Figure 12. Curve of NDVI versus groundwater depth in the Weigan River irrigation district. 
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Figure 13. Groundwater depth map of the Weigan River irrigation district under different irrigation statuses in 2020. 
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Figure 14. Variation map of groundwater depth in the Weigan River irrigation district under different well–canal irrigation combined ratios (2035). 
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Figure 15. Statistical map of groundwater depth intervals in the Weigan River irrigation district under different well–canal combined irrigation ratios. 
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Figure 16. Spatial distribution of the correlation between NDVI and groundwater depth in the Weigan River irrigation district. 
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Table 1. Hydrogeological parameter zoning table.
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	Partition Number
	I
	II
	III
	IV
	V
	VI
	VII





	Permeability coefficient (m/d)
	1.97
	2.4
	1.5
	1.6
	1.23
	1.34
	3.1



	Water content
	0.1
	0.18
	0.12
	0.13
	0.17
	0.14
	0.16










 





Table 2. Comparison of water balance calculation results from 2018 to 2021 (108 m3/a).
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Year

	
Research Methods

	
Recharge

	
Excretion Term

	

	
Equilibrium

Difference




	
Rainfall Infiltration

	
Recharge

Irrigation

	
Lateral Infiltration

	
Total

	
Submarine Evaporation

	
Lateral

Outflow, Tar River

Discharge

	
Quantity of Ore Mined

	
Total






	
2018

	
WBM

	
0.64

	
16.78

	
0.93

	
18.35

	
5.60

	
1.40

	
13.30

	
20.30

	
−1.95




	
NSM

	
17.38

	
0.73

	
18.11

	
5.68

	
14.75

	
20.43

	
−2.32




	
2019

	
WBM

	
0.93

	
17.95

	
0.86

	
19.74

	
5.92

	
1.87

	
12.98

	
20.77

	
−1.03




	
NSM

	
18.70

	
0.81

	
19.51

	
5.49

	
15.36

	
20.85

	
−1.34




	
2020

	
WBM

	
0.29

	
16.21

	
1.61

	
17.82

	
5.11

	
1.32

	
11.73

	
18.16

	
−0.35




	
NSM

	
16.64

	
1.08

	
17.72

	
5.16

	
12.97

	
18.13

	
−0.41




	
2021

	
WBM

	
1.29

	
16.05

	
1.36

	
18.70

	
6.12

	
1.41

	
11.09

	
18.62

	
0.08




	
NSM

	
17.30

	
1.26

	
18.56

	
6.21

	
12.58

	
18.79

	
−0.23








Notes: WBM stands for the water balance method and NSM stands for the numerical simulation method.













 





Table 3. Scenario simulation of different well–canal combination irrigation ratios.






Table 3. Scenario simulation of different well–canal combination irrigation ratios.





	
Simulation

	
Year

	
Canal Head Water Diversion (108 m3)

	
Groundwater Withdrawal

(108 m3)

	
Total Water

Consumption

(108 m3)

	
Effective Utilization Coefficient of

Irrigation Water

	
Well–Canal

Combined

Irrigation Ratio






	
Scenario 1

	
2020

	
23.513

	
11.730

	
35.243

	
0.544

	
0.499




	
2025

	
11.094

	
34.607

	
0.554

	
0.472




	
2030

	
10.481

	
33.993

	
0.564

	
0.446




	
2035

	
9.889

	
33.401

	
0.574

	
0.421




	
Scenario 2

	
2020

	
23.513

	
11.730

	
35.243

	
0.544

	
0.499




	
2025

	
10.481

	
33.993

	
0.564

	
0.446




	
2030

	
9.317

	
32.830

	
0.584

	
0.396




	
2035

	
9.317

	
32.830

	
0.604

	
0.396




	
Scenario 3

	
2020

	
23.513

	
11.730

	
35.243

	
0.544

	
0.499




	
2025

	
10.785

	
34.297

	
0.559

	
0.459




	
2030

	
9.889

	
33.401

	
0.574

	
0.421




	
2035

	
9.038

	
32.551

	
0.589

	
0.384




	
Scenario 4

	
2020

	
23.513

	
11.730

	
35.243

	
0.544

	
0.499




	
2025

	
10.182

	
33.695

	
0.569

	
0.433




	
2030

	
8.765

	
32.277

	
0.594

	
0.373




	
2035

	
8.765

	
32.277

	
0.619

	
0.373
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