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Abstract

:

Proper agricultural water management in arid regions is the key to tackling climatic risks. However, an effective assessment of the current response to climate change in agricultural water use is the precondition for a group adaptation strategy. The paper, taking the Tarim River basin (TRB) as an example, aims to examine the agricultural water use sustainability of water resource increase caused by climatic variability. In order to describe the response result, groundwater change has been estimated based on the Gravity Recovery and Climate Experiment (GRACE) and the Global Land Data Assimilation System (GLDAS)–Noah land surface model (NOAH) data. In order to better understand the relationship between water resource increase and agricultural water consumption, an agricultural water stress index has been established. Agricultural water stress has been in a severe state during the whole period, although it alleviated somewhat in the mid–late period. This paper illustrates that an increase in water supply could not satisfy agricultural production expansion. Thus, seasonal groundwater loss and a regional water shortage occurred. Particularly in 2008 and 2009, the sharp shortage of water supply in the Tarim River basin directly led to a serious groundwater drop by nearly 20 mm from the end of 2009 to early 2010. At the same time, a regional water shortage led to water scarcity for the whole basin, because the water consumption, which was mainly distributed around Source Rivers, resulted in break-off discharge in the mainstream. Therefore, current agricultural development in the Tarim River basin is unsustainable in the context of water supply under climatic risks. Under the control of irrigation, spatial and temporal water allocation optimization is the key to the sustainable management of the basin.
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1. Introduction


The largest amount of water is consumed by agricultural production, accounting for at least 80% of global water withdraws [1]. However, water scarcity has gradually evolved into a global systemic crisis [2,3]. That poses a great challenge to global food production security [4]. Due to population growth, increasing food production demand will aggravate the crisis of water scarcity [5]. Agricultural water use sustainability is an urgent issue, especially in arid and semiarid basins. Worse yet, climatic variability poses the risk of uncertainty for that issue. Considering the uncertainty of climatic variability to the sustainable development of river basins, it should take into consideration the human activity response on climatic risks when it comes to the study of the sustainability of river basins. To different basins, climatic risks impacts are not the same, and could be more humid or arid [6]. Often, research studies on climatic risks focus on how to manage agricultural water use in order to achieve a new balance in a more arid climate, such as Alauddin and Sarker [7], Adamson et al. [8], and Heinemann et al. [9]. Under the circumstances, we just passively adapt to climatic risks, and can only take a few high-cost strategies, such as large-scale water efficiency improvement, water transfer, and population migration. However, the climate, which is more humid in some basins with water resource system vulnerability, provides another scenario. In the context of increasing water resources, will these regions respond with initiatives to that change with a long-term interest in sustainable development, or will they encourage agricultural expansion for short-term benefits? In spite of increasing water resources, an improper response may still cause social and ecological security issues in basins, thus posing a serious threat to the region’s sustainable development. So, this issue is also worth our attention. Their responses will provide experiences or lessons to adapt to climatic risks while regions are in a relatively favorable position. To better understand their responses, a reliable assessment is needed, which would provide us with detailed evidence.



Groundwater, as an important freshwater storage, has a great contribution to ecosystem sustainability [10,11]. It also plays a more critical role than surface water in enhancing human adaptions to hydroclimatic variability caused by climatic variability [10,12]. Especially in arid and semiarid regions, groundwater is heavily relied on for irrigation, industrial production, and people’s lives [13,14]. However, overabstraction is growing to become a greater challenge for many regions in the world [15]. It can cause a series of severe environmental crises, such as water pollution, salinization, land subsidence, and water table falling [16]. Therefore, groundwater change (GWC) is taken as a sustainability index to reflect agricultural water use adaption to climatic risks in the paper.



Groundwater, as a non-excludable but subtractable common-pool resource, is difficult to be assessed and monitored [14]. It is not possible to obtain full information on this invisible resource, such as the physical structure of the resource and other users’ exploitation. In order for users and managers to form effective and unified management strategies [17,18], full information is needed to undertake the expensive and difficult task of groundwater monitoring [19]. However, developing countries and regions often don’t have the capacity to do that [19]. Traditional agricultural water use data also doesn’t provide sufficient spatial–temporal information to support management decisions of agricultural water use under climatic risks. In the past, regional or national public statistic data, as a single value, was the only reliable resource to estimate water use [20]. However, water use is not a static variable; the statistical data at a larger level is unable to reflect local information about water use stress [20]. Moreover, the data is often from annual statistics, and cannot represent seasonal changes in water use.



Hydrological remote sensing data provides a solution to problems of groundwater monitoring and spatial–temporal agricultural water use information. The launch of the Gravity Recovery and Climate Experiment (GRACE) has detected spatial–temporal variations of terrestrial water storage (TWS), after removing atmospheric and oceanic effects [21]. TWS, which is defined as all forms of groundwater and surface water storage, plays a fundamental role within regional climate and water resources management, especially in arid regions [22,23]. Further assessment of GWC requires a combination of ground-based observational data. The Global Land Data Assimilation System (GLDAS) integrates satellite and ground-based observational data products to simulate water storage components [24]. Based on the combination of GRACE and GLDAS, GWC can be estimated, such as Henry et al. [25], Ouma et al. [26], Huo et al. [27], Xiao et al. [28], and Hu et al. [29].



GWC is determined by the difference in the average rate of replenishment and consumption [10]. Regardless of the consumption, a more humid climate brings more water, which indicates that more water is added to groundwater. Nevertheless, the large-scale agricultural water use constitutes a major modification to the water budget in the arid basin [30]. Perry pointed out that water that is used after agricultural consumption in a river basin is no longer available for others due to evaporation [31]. Furthermore, in the process of large-scale irrigation, phreatic evaporation can also cause a non-productive loss of water [32]. However, evaporation is not the only way to cause water loss. Blue water, referring to irrigation, and green water, from precipitation that is stored in the root zone of the soil and incorporated into harvest crops, are also transferred from local water resources [33]. So, agricultural water consumption (AWC) is multifaceted. In short, large amount of water are consumed by agricultural production in different ways. Thus, based on the water budget balance, AWC can be estimated after removing factors of natural water storage changes.



The paper, taking the Tarim River basin as an example, assesses agricultural water use sustainability in the context of an increasing water supply (WS) led by climatic variability, from the evidence of GWC. Then, based on AWC and WS, which included river water and precipitation, an agricultural water stress index is established to describe regional water scarcity in the process of agricultural production, followed by GRACE and the Noah land surface model within the GLDAS (GLDAS–NOAH) data to estimate groundwater change. Based on their spatial and temporal changing patterns, the sustainability of agricultural development in TRB will be analyzed.




2. Study Area


The Tarim River basin presents itself as a concise prototype objective. As an arid inland basin, its water mainly is sourced from inland rivers formed by mountain snowmelt and precipitation. There are barely any human activities to water environment runoff before reaching the mountain exit, and no water addition to a runoff, because the basin stays in the condition of poor precipitation and strong evaporation. Thus, it can be concluded that the water after mountain exit is affected by human activity, and mainly agricultural production.



The TRB is the largest inland basin in China, covering an area of 1.04 million km2 (34°55′–43°08′ N, 73°10′–94°05′ E) (Figure 1). It is surrounded by mountains: the Tian Shan in the north, Kunlun in the south, and Pamir in the west. Due to the poor precipitation and strong evapotranspiration, the extremely arid basin mainly relies on river water from snowmelt in the mountains to support human activities and natural ecosystems [34]. In the TRB, there are four major headstreams: the Akesu River, the Hotan River, the Yarkand River, and the Kaidu–Kongqi River. There is also one mainstream (the Tarim River) [35]. These rivers are lifelines for the survival of agricultural oases.



Agriculture is the most important economic activity in the TRB, and irrigation water is in great demand. So, under the condition of limited water resources, competition for water use between agricultural production and natural ecosystems is inevitable [34]. Since the 1960s, the TRB has experienced a continuous expansion of modern oasis agriculture [23]. Especially over last two decades, total agricultural land use has more than doubled [34]. In the process of such sharp expansion, cotton, which has become a major crop, has been shifted from small-scale to large-scale intensive farming [34]. In short, agricultural expansion has had a significant impact on the basin through water scarcity.



Glacier melting and precipitation in the mountains play key roles in water system and hydrological processes [36]. A significant increase in precipitation and temperature has been found in the TRB [37]. Tao et al. concluded that its annual mean precipitation, temperature, and relative humidity have shown positive trends since 1961 [38]. Huang et al. predicted in the period of 2016–2035 that the minimum temperature and annual total precipitation on wet days would show a trend of growth in the most of the TRB [39]. Glacier changes, as the signal of climatic variability, represent an indirect and delayed consequence [40]. However, glacier mass loss has been proven by some studies, such as Shangguan et al. [41], Osmonov et al. [42], and Tino Pieczonka and Tobias Bolch [43]. Consequently, under the multiple influences of climatic risks, ubiquitous warming, increasing precipitation, and retreating glaciers, seasonal river discharges show an increasing trend [44].



Based on above, WS has increased for decades under climatic variability, and would continue for a two-decade period. In the context of climatic variability, the increase in WS is also accompanied by an increase in agricultural water consumption. What’s more, the accompanying relationship can be regarded as a response from local agricultural development to the climatic risks. GWC provides an answer to the sustainability of this response. However, due to lack of TWS data from GRACE, which was collected from 2002, we only selected a part of the whole climatic variability period (from 2002 to 2016) to examine. Besides, evidence of climatic variability in the TRB has been proven by previous studies. So, they are not repeated in the paper. We only focus on the relationship between WS, AWC, and GWC under climatic risks.




3. Methods and Data


3.1. Methods


Glaciers in the TRB can be regarded as large reservoirs that provide fresh water for the downstream by glaciers melting. Meanwhile, streamflow from the headwaters also considers other natural factors such as precipitation, evaporation, and infiltration. So, the streamflow is described as Equation (1):


    RF G  =   GM  G  +  P G  −  E G  − T   



(1)




where     RF G     is the streamflow of the headwater before it exits the mountains,      GM  G     is the glacier’s melt,     P G     and     E G     represent precipitation and evaporation in the glaciers, respectively, and T refers to the threshold value, which mainly includes two parts: infiltration and freeze. So, when the snowmelt and precipitation rates exceed the infiltration and freezing rates, runoff will be formed.



For any area in the TRB, all of the economic activities, especially agriculture and urban life, as well as the natural ecosystems, are very dependent on the river water as a major water source [34]. However, as an arid region, agricultural production is also inseparable from water supply and precipitation. Xinchun et al. [1] has proven that green water contributes a significant part of agricultural production water use. So, the available water supply (WS) in area i can be given by Equation (2):


    WS i  =  RF i  +  P i  −  E  i , n a     



(2)




where     RF i     is the runoff from the headwater to the area i located at the foot of the mountains, which is the difference between inflows and outflows;     RF G  = ∑  RF i  + L ,   i = 1 , 2 , … , n   ; L represents the loss of runoff in the process of flow;     P i     and     E  i , n a      are precipitation and natural evaporation in the area i, respectively, and natural evaporation is represented by direct evaporation from bare soil in the paper.



Meanwhile, water demand can be divided into two parts: human activities water uses and TWS. In terms of water uses, agricultural water use occupies an absolute large share in the TRB. In the agricultural production process, in addition to evaporation, the other part of water consumption (in the form of embedded water) is transferred out. As for TWS, it is a vertical integration of surface water, soil moisture, groundwater, and plant canopy surface water [45]. Crops water content is also included in the plant canopy surface water. However, compared with rapidly expanding agriculture, the other biomass is much steadier. So, without considering crops, the change of plant canopy surface water may be ignored. Based on the above, a water-balance approach on a monthly time step is used as follows:


   Δ  TWS i  +  AWC i  =  RF i  +  P i  −  E i    



(3)







And:


   Δ  TWS i  = Δ  SM i  + Δ  GW i  + Δ  SWE i    



(4)







As for agricultural water consumption (AWC):


    AWC i  = Δ  PCW i  +  CE i  +  TP i    



(5)




where    Δ  TWS i     is the change of terrestrial water storage;    Δ  SM i    ,    Δ  GW i     and    Δ  SWE i     refer to changes in soil moisture storage, groundwater, and snow water equivalent, respectively;     AWC i     is water consumption by crops; and    Δ  PCW i    ,     CE i    , and     TP i     refer to the plant canopy water change, canopy water evaporation, and transpiration in the crop fields, respectively.



Then, groundwater changes (GWC) can be estimated as follows:


   Δ  GW i  =  RF i  +  P i  −  E i  −  AWC i  − Δ  SM i  − Δ  SWE i    



(6)







For better understanding GWC caused by AWC and WS, the agricultural water stress index (AWSI) first proposed by Xinchun et al. [1] is introduced. However, our index is different from the one proposed by Xinchun et al. [1] in that groundwater is not included in the index, because groundwater is the target of investigation rather than an intermediate variable in this paper. The calculation is shown in Equation (7):


    AWSI i  =    AWC i     RF i  +  P i  −  E i      



(7)







And AWSI is categorized into five gradations as defined by Raskin et al.: no water stress (<0.1), low-water stress (0.1–0.2), mid-water stress (0.2–0.4), high water stress (0.4–0.8), and severe water stress (>0.8) [46].




3.2. Data


The total water storage of Gravity Recovery and Climate Experiment (GRACE) land data to study the changes in TWS was obtained from http://grace.jpl.nasa.gov, supported by the Making Earth System Data Records for Use in Research Environments Program of National Aeronautics and Space Administration (NASA MEaSUREs Program), with a spatial sampling of 1° × 1°, and a temporal sampling of 30 days for the period of 2002–2016 for the TRB [47]. Monthly gravity solutions in the official GRACE Science Data System are continuously released from three different processing centers: GFZ (Geoforschungs Zentrum, Potsdam, Germany), CSR (Center for Space Research at University of Texas, Austin, TX, USA), and JPL (Jet Propulsion Laboratory, Pasadena, CA, USA). Solutions from JPL, CSR, and GFZ were combined by averaging to compute the TWS in the study. In the process of computing, the land grid scaling applied the same filters that were applied to the GRACE data to a numerical land-hydrology model, such as a NOAH land model, running within the Global Land Data Assimilation System (GLDAS–NOAH), and the error estimation for the scaled values were also considered [21,48]. Due to ‘battery management’ or instrument issues, several months’ data are missing in the solutions from all three centers. The corresponding months to the missing data are ignored in the study, as shown in Table 1.



Using advanced land surface modeling and data assimilation techniques, GLDAS integrates satellite and ground-based observational data products to reveal optimal fields of land surface states and fluxes [37]. Precipitation (snow and rain), runoff (storm surface runoff and baseflow-groundwater), snowmelt, soil moisture, snow depth water equivalent, canopy water evaporation, transpiration, direct evaporation from bare soil, and plant canopy surface water provided by GLDAS–NOAH Version 2.1, with a combination of model and observation-based forcing datasets [49]. So, all of the data were obtained from https://disc.sci.gsfc.nasa.gov/datasets?keywords=GLDAS, with a spatial resolution at 1° × 1° grids.





4. Results and Discussion


4.1. Agriculture Water Stress Index


Figure 2 shows seasonal average spatial patterns of the AWSI and the change trend of the AWSI at the 1° × 1° grid over the region in the period of 2002–2016. As shown in Figure 2a–c, the large-scale agricultural production was almost distributed around three Source Rivers: the Akesu River, the Hotan River, and the Yarkand River; and the upper mainstream of the Tarim River. The result is confirmed by Wang et al. [50], who have pointed out that water consumption from runoff by the midstream and downstream of the Tarim River was less than 3% of the upstream part, including the three source rivers, in 2008. Compared with the midstream and downstream, a large amount of water supply from rivers was also accompanied by a large amount of AWC, resulting in high AWSI. This result may indicate groundwater losses in the part of the TRB.



As shown in Figure 2a, nearly half of the areas where large-scale agricultural production is located had been under severe long-term agriculture water stress in the spring of the period. While in the summer, the situation had become even more severe. Almost all of the areas had been under very severe long-term agriculture water stress, as shown in in Figure 2b. Two is the maximum value of the AWSI set by the paper. The terrible result represents the seasonal rainfall, and river water was not enough to meet the demand for agricultural production in the summer. In the autumn, the water stress had been somewhat relieved, but could not fundamentally reverse the situation of severe agriculture water stress, because the AWC in most areas still exceeded WS, especially at the edge (Figure 2c). However, in the view of time series, it was found that the frequency of the severe agriculture water stress occurrences is gradually reducing, as shown in Figure 2d. In the early part of the period, nearly half or more of the months in each agricultural life cycle were under severe water stress, especially in 2004, 2008, and 2009. While in 2015 and 2016, the index of only two months each year exceeded 0.8. Most of the time, they were under moderate or high-water stress. To better describe the temporal change in water stress, the trend of annual average is shown in Figure 3.



Figure 3 shows the trend of the annual average of AWSI and its curve fitting in the period between 2002 and 2016. The annual average value in the TRB shows a trend of increasing first, and then decreasing, culminating in 2008 (1.30). After 2011, it decreases all the way down to the minimum (0.64) in 2016, but it is still much higher than the upper limit of mid-water stress. From the whole period, the TRB has always been in the state of severe water stress, but its stress has been lightening in the mid–late period.



Based on these results, large-scale agricultural production may cause two serious problems in the TRB. One is that downstream of the Tarim river appeared to be cut off, because a large amount of AWC in the upstream led to the lack of runoff, as Wang et al. [50], Chen et al. [51], and Hao et al. [52] mentioned. The other one is seasonal water shortage. Considering river water and rainfall as the major agricultural water sources, both could not meet the demand of AWC in summer and autumn, which led to ecological water shortage and groundwater loss. Also, domestic and other economic activities’ water use was difficult because of the water shortage. However, judging by the declining trend of AWSI, the problem of excessive AWC was being solved step by step. Increasing irrigation water prices to restrain demand, encourage the improvement of irrigation technology, return farmland to forests, and so on effectively promoted water conservation. However, a long-term plan is still required in order to completely improve the agricultural water stress in the upstream.




4.2. Combined Result of Groundwater Changes from Agricultural Water Consumption and Water Supply


As shown in Figure 4, the annual average spatial and time series of AWC, WS, and GWC are described to indicate the relationship between AWC and WS, and the influence on GWC. From Figure 4a, it is found that annual average AWC at the 1° × 1° grid ranged from about 2–320 mm, and the spatial distribution of AWC gradually decreased from southwest to northeast in the period. In fact, the spatial distribution of AWC was closely related to WS. From Figure 4b, it is clearly found that the water endowments in the southwest corner were the best over the region because the area was a place with the most annual water supply. Also, the annual average WS in some parts of the area even exceeded 300 mm. The spatial distribution of WS also gradually decreased from southwest to northeast. The distribution was close to the distribution of surface water. High WS and high AWC directly led to no significant increase in groundwater, as shown in Figure 4c. In contrast, not much WS with little AWC contributed to the significant increase in groundwater in the north of the TRB. However, it is still too early to draw the conclusion that the agricultural expansion has adapted to climatic risks to maintain its sustainable development in the TRB. Switching to the monthly average perspective, some new results have emerged in Figure 4d. The figure describes the monthly average change trends of AWC, WS, and GWC at the 1° × 1° grid. In general, water supply could hardly meet the needs of agricultural water supply in summer, resulting in the loss of groundwater in the period. The reason why the annual average groundwater change had remained stable for many years rather than dropped is the constant supplement of snow water and rainfall in the two winter and spring seasons. It is found that groundwater was not lost (increasing) immediately in the season, but lagged by a season. For groundwater losses, the magnitude and frequency of groundwater declines after the year 2009 were more serious than before. In particular, for the two consecutive years of 2008 and 2009, the serious shortage of water supply had directly led to a serious groundwater drop by nearly 20 mm from the end of 2009 to early 2010. Fortunately, the following WS, which is far larger than the normal average, made up for the deficiencies in the previous period. Another interesting phenomenon is that there was a certain degree of positive correlation between AWC and WS in the summer. In other words, the increase in the WS contributed to the growth of AWC, which indicated that agricultural production was dependent on the amount of WS in summer.



Based on the above, it is known that all of them had significant seasonal variations of the cycle. So, for further understanding about the seasonal patterns of WS, GWC, and AWC, more details are provided in Figure 5. As shown in Figure 5a–d, it is found that the largest amount of WS was in summer and winter, and the least was in autumn. Also, WS was the most widely distributed in the summer, and the least widely distributed in the autumn. In the view of geographical distribution, WS was mainly distributed at the foot of the three mountains: the Tian Shan in the north, Kunlun in the south, and Pamir in the west. The highest WS was located in the southwest corner of the TRB, which was between the Kunlun and Pamir mountains. From the boxplot of the seasonal distribution of WS, it was found that the average values at the 1° × 1° grid fluctuated around 20 mm in the period. Among them, the performance of WS in summer was the most stable. In winter, rich snow ensured WS. However, autumn was the driest season in the TRB. From the Figure 5e–h, areas where groundwater changed were similar to areas where water resources were supplied. So, GWC has mainly distributed into two areas: the foot of the Tian Shan, and the southwest corner of the TRB. However, the performances of GWC in these two areas were quite different. The GWC at the foot of Tian Shan showed an increasing trend, while between Kunlun and Pamir mountains it showed the opposite trend; especially, groundwater loss was as high as around 60 mm in winter. Given the seasonal average values at the 1° × 1° grid, the maximum value never exceeded 20 mm, but its minimum value was less than 0 mm in each season. The groundwater losses were caused by the mismatch between WS and AWC. A large amount of water consumed by crops in the summer was the key cause of groundwater losses, which far exceeded WS, and even reached up to 200 mm in some parts of the area (Figure 5i–l). From the boxplot of the seasonal distribution, differences in AWC in different seasons were obvious. The average value at the 1° × 1° grid in summer was almost 60 mm, but ones in spring and autumn were less 20 mm.



Based on above, excess water resources consumed by the large-scale agriculture around the three Source Rivers should be responsible for seasonal groundwater loss and local water shortage. In spite of increasing water resources under climatic variability, they still fail to meet the agricultural need. Also, groundwater level decrease directly leads to insufficient water supply to vegetation, which results in natural aquatic and oasis ecosystem shrinkage in the process of agricultural expansion [53]. Besides that, water shortage in upstream inevitably leads to inadequate water delivery to the downstream, while delivered water is crucial for the fragile ecological environment downstream. A sufficient water supply can ensure underground water quality and quantity improvement, vegetation area expansion, and the restoration of ecological communities [54,55]. Apparently, agricultural expansion upstream also leads to water shortage downstream. So, it is an unwise decision to rely on an increase in water supplies due to climatic variability to achieve the expansion of food production. If the climate pattern is switching, as it did in the period of 2008–2009, it will cause catastrophic consequences for the arid TRB, such as a rapid drop in groundwater level, break-off discharge in the Tarim River, and a water use crisis. In short, from the experience of this period, agricultural development in the TRB was not sustainable under climatic risks.



Based on the above analysis, we believe that basin management should focus on two issues: water saving and water use allocation. First, effective irrigation and rainwater utilization are two important ways to control AWC to ensure water resources saving. Then, the spatial and temporal water allocation optimization aims to rational water use and ecological environment recovery.



Limited by a spatial resolution of 1° × 1°, water consumption of ecological vegetation and crop are hardly distinguished. So, the results of AWC and AWSI are exaggerated in the paper. Also, natural evaporation includes part of AWC, because water is directly evaporated in the process of irrigation, which is not accounted for AWC. Therefore, the results of AWC and AWSI are not particularly accurate estimates, but do not affect GWC. More importantly, they still fully reflect the problems that we want to analyze in the paper.





5. Conclusions


For arid areas, the impact of climatic risk is more significant. How to properly respond to the water resources change caused by climatic variability is the key to maintaining sustainable development. The decision-making of sustainable development in the basin is based on how to effectively evaluate the current relationship between climatic risks and human production activities. Agriculture is usually the largest water-consuming sector of a river basin, so its water use strategy under climatic risks is related to the sustainable development of water resources in the entire region. The paper, taking the TRB as an example, aims to examine the sustainability of agricultural water use in the period of increasing water resources caused by climatic variability from the evidence of groundwater change. In the context of climatic variability, more water resources were supplied from increased precipitation and snowmelt in the headstreams in the TRB. However, the change failed to be transferred into ecological environmental improvement due to the agricultural expansion.



From results, it is known that large-scale agricultural production was mostly distributed around the three Source Rivers with the richest water resources in the TRB. Based on AWSI, the relation between AWC and WS was established to describe regional water stress. These results indicated that local severe water stress caused by a large amount of AWC had led to two serious problems: regional water shortage and seasonal groundwater loss. In view of the time series of the AWSI, it showed a declining trend in the mid–late period, which indicated a gradual alleviation of regional water stress, but remained in a state of severe water stress.



As results of the annual average spatial consumption of AWC, WS, and GWC, it is found that the annual average AWC at the 1° × 1° grid ranged within 2–320 mm, and the spatial distribution of AWC gradually decreased from southwest to northeast in the period, which was closely related to WS. Also, the annual average groundwater did not show a significant decrease. However, in the view of monthly change, groundwater levels showed seasonal fluctuations, declining in the summer and autumn, and recovering in the spring and summer. It is indicated that a large mismatch between WS and AWC in the summer led to the sharp dropping of local groundwater level in the following two seasons. The seasonal water shortage had caused water scarcity for the whole basin, because the runoffs of Source Rivers reduced by AWC led to break-off discharge in the mainstream. So, agricultural water use management in the TRB was still far from a sustainable state.



To be more alarmed, the magnitude and frequency of groundwater declines after the year 2009 were more serious than the years before. Particularly, in the two years of 2008 and 2009, the serious shortage of water supply in the TRB directly led to an appalling drop in groundwater by nearly 20 mm from the end of 2009 to early 2010. If there is no change to agricultural production expansion, climatic variability, such as in 2008 and 2009, will shift from humid to arid, and impose catastrophic consequences of great water resource system vulnerability on the arid TRB.
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Figure 1. The schematic topography map of the study area. 
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Figure 2. The spatial and temporal pattern of the agricultural water stress index (AWSI) over the region between 2002 and 2016. ((a–c) are spring, summer, and autumn AWSI patterns, respectively; (d) is the monthly average change trend of AWSI). 
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Figure 3. The annual average trend of AWSI and its quadratic fitting during 2002–2016. 
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Figure 4. The annual average spatial distribution of agricultural water consumption (AWC), water supply (WS), and groundwater change (GWC) during 2002–2016. ((a–c) are spatial distributions of the annual AWC, WS, and GWC, respectively; (d) is the monthly average change trends of AWC, WS, and GWC at the 1° × 1° grid over the region). 
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Figure 5. The seasonal patterns of WS, GWC, and AWC during 2002–2016. ((a–d) are spring, summer, autumn, and winter WS patterns, respectively; (e–h) are spring, summer, autumn, and winter GWC patterns, respectively; (i–l) are spring, summer, autumn and winter AWC patterns, respectively; the last three figures are boxplots of the seasonal distribution of WS, GWC, and AWC at the 1° × 1° grid over the region, respectively). 
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Table 1. The corresponding time to the missing data from January 2002 to December 2016.
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