[image: image1]Atmospheric recycling of agricultural evapotranspiration in the Tarim Basin

		ORIGINAL RESEARCH
published: 29 September 2022
doi: 10.3389/feart.2022.950299


[image: image2]
Atmospheric recycling of agricultural evapotranspiration in the Tarim Basin
Kaifang Shi1,2, Tiejian Li1,2,3*, Jie Zhao3, Yang Su3, Jian Gao3 and Jiaye Li4
1School of Water Resources and Electric Power, Qinghai University, Xining, Qinghai, China
2Laboratory of Ecological Protection and High-Quality Development in the Upper Yellow River, Qinghai University, Xining, Qinghai, China
3Center for Hydrosphere Research, State Key Laboratory of Hydroscience and Engineering, Tsinghua University, Beijing, China
4School of Environment and Civil Engineering, Dongguan University of Technology, Dongguan, China
Edited by:
Jun Niu, China Agricultural University, China
Reviewed by:
Haibo Yang, Zhengzhou University, China
Weili Duan, Xinjiang Institute of Ecology and Geography, (CAS), China
* Correspondence: Tiejian Li, litiejian@tsinghua.edu.cn
Specialty section: This article was submitted to Hydrosphere, a section of the journal Frontiers in Earth Science
Received: 22 May 2022
Accepted: 08 September 2022
Published: 29 September 2022
Citation: Shi K, Li T, Zhao J, Su Y, Gao J and Li J (2022) Atmospheric recycling of agricultural evapotranspiration in the Tarim Basin. Front. Earth Sci. 10:950299. doi: 10.3389/feart.2022.950299

Precipitation recycling, defined as that precipitation in a region is partially contributed by evapotranspiration from the same region, is the interaction between terrestrial hydrology and atmospheric processes, and plays a crucial role in forming water resources. For agricultural lands, the evapotranspiration of irrigation water alters local climate by reprecipitation in surrounding regions, which can also be analyzed from the viewpoint of precipitation recycling. As the largest endorheic basin in China, the Tarim Basin has strong precipitation recycling contributed by the surrounding mountains, as well as large irrigation areas producing high-quality cotton, which makes it an appropriate study case for the recycling of irrigation water. In this paper, we calculate the water vapor sources of precipitation (WSoP) and the reprecipitation of evapotranspiration (RPoET) in the Tarim Basin by using the Water Accounting Model—Two Layers, analyze their spatial distributions, and find the moisture recycling ratio of the basin as 15.4%. We set up comparative scenarios of evapotranspiration increase by irrigation areas in different locations of the Tarim Basin, and study their difference in reprecipitation and moisture recycling. Results show that the evapotranspiration increase in different locations has a marginal reprecipitation ratio ranging from 8% to 24%, and further boosts the whole basin’s moisture recycling ratio by 0.11%–0.29%. Significant difference among the scenarios proves that the location of irrigation areas affects the reprecipitation of its evapotranspiration, and the optimized moisture recycling can benefit water resource and ecosystem conditions inside the basin. In summary, this work would be useful to provide a practical basis for irrigation planning by considering the land-atmosphere interaction.
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1 INTRODUCTION
Regional moisture recycling, which refers to the evapotranspiration of a region returning to the same region as the form of precipitation, is a crucial part of the hydrological cycle (Brubaker et al., 1993). The reprecipitation of local evapotranspiration has been recognized as an important source of precipitation for a long time, and the spatial and temporal characteristics and scale effect in moisture recycling have been studied (Starr and Peixoto, 1958; Rasmusson, 1967; Rasmusson, 1968). Studying the spatial and temporal characteristics of regional moisture recycling is useful to get better understanding of the interactions in the land-atmosphere hydrological cycle (van der Ent et al., 2010; van der Ent et al., 2013), and then to improve the efficient exploitation of regional water resources. At river basin scale, for example, Tuinenburg et al. (2012) studied the characteristics of reprecipitation in the Ganges Basin in India and found the recycling ratio as 4.5%.
Irrigation is the most consumptive use of water resources, about two-thirds of the global freshwater extracted from the surface and sub-surface is used for agricultural irrigation, mostly in irrigation areas (Shiklomanov, 2000). The increase of evapotranspiration in irrigation areas generally affects the spatial distribution of reprecipitation and is likely to influence local and regional climate through the surface energy balance (Pielke and Zeng, 1984; Chase et al., 1999). Many studies related to the spatial and temporal characteristics of moisture recycling in irrigation areas have been conducted (Boucher et al., 2004; Wei et al., 2013; Valmassoi et al., 2020; Liu et al., 2021). For example, Wei et al. (2013) studied four intensively irrigated regions across the world and discovered that local evapotranspiration has the greatest effect on their local precipitation than other reasons, and the reprecipitation is greater in wet areas than that in arid areas with the same increase in evapotranspiration.
The Tarim Basin, located in southern Xinjiang, China, is a large endorheic inter-mountain basin with irrigation areas for agricultural production, including large-amount and high-quality cotton productions. Hai and Guihua (2013) studied the moisture recycling in the Tarim Basin and found that the multi-year mean reprecipitation ratio is about 14%. Yao et al. (2020) used the conventional box model to study the characteristics of the regional moisture recycling in the whole Xinjiang Province and found that the reprecipitation ratio is around 6%–8%, whose changes were dominated by the moisture variables; they also found a rapid warming and moistening trend in Xinjiang over the last two decades.
Irrigation areas consume a large amount of water, hence the impact of evapotranspiration and reprecipitation on regional climate, water resources, and ecological conditions cannot be ignored. Existing studies have shown that anthropogenic changes in the spatial and temporal distribution of water resources can affect the regional moisture recycling process (Yao et al., 2020). However, most of the current planning of irrigation areas mainly focuses on surface water, ground water, and water diversion projects, very few studies take the full advantage of regional moisture recycling in optimizing the allocation of water resources, and the impact of the irrigation area’s location on reprecipitation benefits has not been revealed, especially in arid and water-scarce irrigation areas. Therefore, the effect of evapotranspiration from irrigation areas on local climate should be considered in terms of how to plan new irrigation areas more rationally, and the assessment of reprecipitation and its water resource and ecological benefits can be done as the first step.
In this paper, we choose the Tarim Basin as the research region and use the Water Accounting Model—Two Layers (WAM-2Layers) to study the spatial and temporal characteristics of the land-atmosphere coupled moisture recycling and to simulate the influence of the spatial layout of irrigation areas on moisture recycling, with comparative scenarios. The study area, method, data, results, discussion, and conclusions are presented as follows.
2 STUDY AREA, METHOD, AND DATA
2.1 Study area
The endorheic Tarim Basin is located among the Tianshan Mountains, Kunlun Mountains, and Altun Mountains, with the only low-relief Lop Nor Lake on the eastern border. It covers an area of about 530,000 km2, with the Taklamakan Desert, the largest desert in China, at the center. Its altitude ranges between 800 and 1,300 m above the mean sea level, with relatively high land in the west and low part in the east. The annual mean precipitation is less than 100 mm/yr, with a dry climate and high potential evaporation (Li et al., 2012). Most oases in the Tarim Basin are purely irrigated agricultural land producing cotton and grains, making Xinjiang the famous high-quality cotton-producing region across the world. The study area in this paper is the whole Tarim Basin, including the surrounding mountain ranges and the inner basin (see Figure 1).
[image: Figure 1]FIGURE 1 | Study area as the Tarim Basin.
2.2 Methods
The Water Accounting Model (WAM) uses an area mark in a given atmospheric Euler field to track or backtrack moisture movement and then calculate RPoET or WSoP (van der Ent et al., 2010; van der Ent and Savenije, 2013). The equation of water mass conservation in the atmosphere is
[image: image]
where [image: image]is atmospheric moisture storage, [image: image] is time, [image: image] is the wind speed in the [image: image] direction and [image: image] is the wind speed in the [image: image] direction, [image: image] is evapotranspiration, [image: image] is precipitation.
For an area marked as [image: image], moisture evapotranspirated from or precipitated to area [image: image] also satisfies the conservation equation as (van der Ent et al., 2010)
[image: image]
When tracking RPoET, evapotranspiration from area [image: image] is denoted as [image: image], which is 0 outside [image: image], [image: image] is used to represent the atmospheric moisture originated from [image: image], and [image: image] denotes the reprecipitation at any location that is contributed by [image: image]. When backtracking WSoP, precipitation in area [image: image] is denoted as [image: image], which is 0 outside [image: image], [image: image] is used to represent the atmospheric moisture contributing to precipitation in [image: image], and [image: image] denotes the evapotranspiration at any location that is contributing to [image: image].
Assuming that the moisture [image: image] in the atmosphere relevant to the area [image: image], no matter is tracking RPoET or backtracking WSoP, is fully mixed and synchronously transported with other moisture during evapotranspiration, horizontal movement, and precipitation, then the following equations (van der Ent et al., 2010) are satisfied as
[image: image]
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where Eqs 4, 5 are used to track RPoET and to backtrack WSoP, respectively.
To reduce the error caused by vertical wind shear, the WAM model has been improved to the WAM-2Layers (van der Ent and Savenije, 2013; van der Ent et al., 2014). In the improved model, the atmospheric moisture of different stratified pressure layers above the surface is divided into two layers, i.e., the upper and lower layers, respectively, and then the moisture transport can be calculated separately. In the calculation, the moisture evaporated from the ground only affects the lower layer directly, and the exchange between the two layers is calculated by the vertical wind. This paper uses WAM-2Layers model to carry out the following analysis, and the source code is downloaded from its Github page.
When moisture evapotranspiration, transportation, and precipitation are calculated in discrete numeric fields, it is possible to mark the area [image: image] and use the abovementioned equations to track RPoET or to backtrack WSoP at certain spatial and temporal steps. If such a calculation is made for a long period and the results are averaged over time, then the spatial patterns of RPoET and WSoP can be analyzed.
When tracking RPoET, the distribution of reprecipitation can be denoted as the spatial field [image: image], where [image: image] is grid cell coordinate. The ratio of [image: image] to the total precipitation at cell [image: image], i.e., [image: image], over a long period can then be calculated to obtain the [image: image] field as
[image: image]
where [image: image] denotes the contribution ratio of RPoET from area [image: image] to total precipitation at cell [image: image], and a higher value means a higher dependence of precipitation on evapotranspiration in area [image: image].
When backtracking WSoP, the spatial field of evapotranspiration [image: image] can be obtained, and the ratio of [image: image] to the total evapotranspiration at cell [image: image], i.e. [image: image], over a long period can be calculated as
[image: image]
where [image: image] denotes the ratio of WSoP contributing to area [image: image] to total evapotranspiration at cell [image: image], and a higher value means a higher percentage of evapotranspiration contributing to precipitation in area [image: image].
For the whole area [image: image], the internal moisture recycling ratio can be calculated either by tracking RPoET or by backtracking WSoP as
[image: image]
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where [image: image] is based on RPoET tracking, [image: image] is the amount of RPoET within the same region [image: image]; and [image: image] is based on WSoP backtracking, [image: image] is the amount of WSoP from the same region [image: image].
We can notice that, for a certain region, [image: image] stands for the portion of evapotranspiration that precipitates in the same region, while [image: image] stands for the portion of precipitation whose water vapor was evapotranspirated from the same region. Theoretically, they are the same quantity in forward and backward view, respectively, then their values should be identical for a long period. Moreover, for an endorheic basin, its total evapotranspiration equals total precipitation, then the moisture recycling ratio calculated using the two methods should be the same.
However, RPoET tracking and WSoP backtracking are always carried out respectively using the WAM-2Layers model, then the values of [image: image] and [image: image] are not secured to be equal. Moreover, annual evapotranspiration and precipitation are not exactly equal considering storage change and other factors. Therefore, the moisture recycling ratio using both of the methods will be calculated and compared in this paper.
2.3 Data and calculation
To ensure the consistency among different variables, the ERA-5 reanalysis data (https://www.ecmwf.int/en/forecasts/datasets/reanalysis-datasets/era5) from the European Centre for Medium-Range Weather Forecasts (ECMWF) are used in this paper for all the variables including atmospheric moisture, wind speed, precipitation, and evapotranspiration. The ERA-5 data has been widely used in climatology and climate change studies, and its reliability in temperature, precipitation, water vapor, and cloud properties has been verified in different regions in China (e.g., Xue et al., 2019; Zhao et al., 2021).
We choose the ERA-5 data with a horizontal resolution of 0.75°, and the atmospheric fields, i.e., moisture and wind speed, with 17 stratified pressure layers, i.e., 35/66/80/87/94/99/105/111/113/119/126/128/130/132/134/136/137. The two layers of the WAM-2Layers model is divided at the ERA-5 layer 113, which is 835 hPa over sea surface and automatically adapts to surface topography. The temporal resolution of this ERA-5 data is 1 h for precipitation and evapotranspiration, and 6 h for the atmospheric fields. The time range of this study is from 1980 to 2018, with a total length of 39 years; the calculation step used in the WAM-2Layers is 0.25 h, and the input data are interpolated in the temporal dimension.
The spatial resolution of the calculation follows that of the reanalysis data, i.e., 0.75°×0.75°. Though the studied Tarim Basin takes up only 220 grid cells, to fully track RPoET and to backtrack WSoP, the spatial range for calculation remains the same as the WAM-2Layers code, which is the whole globe except for the polar regions exceeding 80°N or 80°S.
3 RESULTS
3.1 Water vapor sources of precipitation
The spatial distribution of the WSoP of the Tarim Basin is shown in Figure 2, where Figure 2A is WSoP in mm/yr and Figure 2B is the ratio of WSoP over local evapotranspiration in percentage. It can be observed that the Tarim’s WSoP is mainly distributed in the western mountainous and mountain front regions, i.e., the Tianshan Mountains in the northwest and the Kunlun Mountains in the southwest, as well as the Pamirs and nearby low lands to its west and southwest; but the inner desert and low mountains in the east contribute quite little WSoP.
[image: Figure 2]FIGURE 2 | Multi-year (1980–2018) mean spatial distribution of precipitation sources of the Tarim Basin: (A) water vapor sources of precipitation; (B) contribution ratio of evapotranspiration.
Figure 2A shows that the high-altitude mountaintops contribute relatively less WSoP in mm/yr. In those cold regions, the Earth’s surface is either arid or covered by snow and glaciers, and the temperature keeps under 0°C for a longer time, leading to less evapotranspiration. Therefore, WSoP contribution from those high altitude regions is basically evapotranspiration–limited rather than atmospheric circulation controlled.
In contrast, in the mountainside and mountain front regions in the west part, the WSoP contributions can be higher than 100 mm/yr. Especially in the southwest corner of the basin, the Yerqiang River, the source of the Tarim River, which originates from the mountains and feeds one of the largest oases in the Tarim Basin, supports the maximum WSoP up to 160 mm/yr. Outside the basin, the nearby mountainside and mountain front regions to the west, i.e., the headwaters of the Aral Sea and the Indus River, have WSoP for the Tarim Basin of more than 80 mm/yr.
As for the percentage contribution of local evapotranspiration to the WSoP of the Tarim Basin shown in Figure 2, its spatial distribution becomes more smooth, which mainly represents the effect of atmospheric circulation. The WSoP ratio decreases from as high as 30% in the southwest to less than 5% in the northeast.
3.2 Reprecipitation of evapotranspiration
The spatial distribution of the RPoET of the Tarim Basin is shown in Figure 3, where Figure 3A is in mm/yr and Figure 3B is the RPoET ratio over local precipitation in percentage. It can be observed from Figure 3A that reprecipitation mainly occurs in the surrounding high-altitude areas inside the basin or in the vicinity of basin divide except for the eastern boundary. The relative high reprecipitation is mainly concentrated in the interior of the Tarim Basin, forming an obvious belt along the Tianshan Mountains and the Kunlun Mountains with more than 80 mm/yr reprecipitation, and supplying abundant runoff recharge to the oases in the mountain front. Therefore, it can be concluded that some of the basin evapotranspiration is intercepted by the surrounding high mountains and then the basin has a strong ability to hold back evapotranspiration. However, the lower elevation of the tail-end lake Lop Nor forms a notable outflow route for atmospheric water vapor, some of which is then intercepted by the Qilian Mountains to the southeast of the Tarim Basin, as the only high-value region outside the basin.
[image: Figure 3]FIGURE 3 | Multi-year (1980–2018) mean spatial distribution of RPoET of the Tarim Basin: (A) reprecipitation of evapotranspiration, (B) contribution ratio of precipitation.
From the percentage of RPoET over total precipitation shown in Figure 3B, we can see that the influence of reprecipitation within the basin cannot be ignored. In the southern mountainous regions, reprecipitation can take more than 20% of total precipitation; and in most basin areas, the ratio is higher than 15%. Therefore, the reprecipitation formed in the Tarim Basin by evapotranspiration from its own plays a considerable role in water resource and ecological effect in the arid endorheic basin.
3.3 Moisture recycling ratio
The series of annual moisture recycling ratio of the Tarim Basin is shown in Figure 4, where two lines are from the WSoP backtracking (i.e., precipitation recycling ratio) and RPoET tracking (i.e., evapotranspiration recycling ratio), respectively, and the other line stands for their average. We can see that though the results from WSoP backtracking is always lower than RPoET tracking, their temporal fluctuations are highly synchronous.
[image: Figure 4]FIGURE 4 | Annual moisture recycling ratio of the Tarim Basin.
The multi-year (1980–2018) mean of the moisture recycling ratio is 14.0 and 16.8% from WSoP backtracking and RPoET tracking, respectively. Nevertheless, the average of the two results, i.e., 15.4% can stand for the overall moisture recycling ratio in the Tarim Basin. This implies that 15.4% of the precipitation in the Tarim Basin is supplied by evapotranspiration inside the basin, and the remaining 84.6% is supplied outside the basin.
We can see some fluctuations in the basin’s moisture recycling ratios during the study period from 1980 to 2018, but the Mann-Kendall trend test did not show any statistical significance. Therefore, we can conclude that the moisture recycling ratio in the Tarim Basin remains stable within an interval of 12–21% during the past 39 years. If we use the averaged moisture recycling ratio only, the fluctuation interval further shrinks to 12.9%–18.4%.
3.4 Scenario simulation of reprecipitation from irrigation evapotranspiration
3.4.1 Scenario setting
Agricultural irrigation is the largest water use sector in the Tarim Basin, then it is of great significance to investigate the recycling of irrigated water resource, which would vary with the location of irrigation areas because of the uneven spatial distribution of moisture recycling. To do this, we use the scenario comparison method to observe the reprecipitation increase resulted from the increase of evapotranspiration in different sites. First, we choose different irrigation areas for different scenarios, considering the following factors:
1 To conduct a comparison, the supposed irrigation areas should be located at regions with different moisture recycling ratios, namely the proportion of evapotranspiration contributing to basin precipitation (see Figure 2B). In the Tarim Basin, the southwest has the highest value about 30%, and the east part has lower values.
2 The topography, land use and vegetation coverage, which affects the possibility of building a future irrigation area, have been taken into consideration in scenario setting. The areas with relatively low vegetation coverage (not existing agricultural land), low elevation, and flat terrain (easy for water diversion and land leveling) are suitable for scenario simulation.
3 In order to keep the supposed evapotranspiration in different scenarios comparable, all the irrigation regions have a same area of two cells in the simulation grid.
According to the above principles, three regions have been selected for scenario comparison in the Tarim Basin (see Figure 5).
[image: Figure 5]FIGURE 5 | Supposed irrigation regions with two grid cells for scenario comparison in the Tarim Basin with growing season normalized differential vegetation index (1980–2018 mean) and terrain.
Second, we set supposed evapotranspiration data for the comparison scenarios. We refer to the original WAM-2Layers simulation as the baseline scenario, and for the scenarios with supposed evapotranspiration increase as Scenario I to III (see Table 1). The baseline value of multi-year mean evapotranspiration in the two grid cells in different scenarios is shown in Table 1. To set the supposed evapotranspiration in a reasonable range of 450–500 mm/yr, which is common for nearby agricultural lands, and to make the calculation simpler, we doubled (Region I) or tripled (Region II and III) evapotranspiration in those two cells for each time step in the ERA-5 data, respectively for the three scenarios. The baseline and increased mean evapotranspiration in the scenario regions is shown in Table 1, while all the other variables and grid cells keep unchanged.
TABLE 1 | Scenario setting of different irrigation areas.
[image: Table 1]Third, The WAM-2Layers model is used to calculate the spatial distribution of reprecipitation under different scenarios, with 0.25 h time step for the total 39 years (same as the baseline simulation) and one run for each scenario, then the scenarios’ change in reprecipitation from the baseline will be the key results for analysis.
3.4.2 Simulation results
For each scenario, its difference from the baseline is used to analyze the destination of increased evapotranspiration from irrigation, and to compare the influence of the location of irrigation region.
Figure 6 shows the spatial distribution of the RPoET in the Tarim Basin, where Figure 6A is the baseline, Figure 6B is Scenario I, and Figure 6C is the difference between the two, i.e., Figure 6C = Figure 6B—Figure 6A. From Figures 6A,6B, there is no obvious difference between Scenario I and the baseline can be observed in the whole spatial layout, since the area with evapotranspiration increase is relatively small for the whole basin (2 cells in 220). As shown in Figure 6C, the reprecipitation increment from the increased evapotranspiration mainly locates in the western and northwestern parts of the Tarim Basin, with high values >5 mm/yr in mountainous regions. Moreover, the remote Qilian Mountains to the basin’s southeast also have relative high values.
[image: Figure 6]FIGURE 6 | Spatial distribution of reprecipitation in the Tarim Basin of (A) the baseline scenario and (B) Scenario I, and (C) the difference between Scenario I and the baseline scenario.
We summarize the change in moisture recycling under different scenarios in Table 2. For Scenario I, the evapotranspiration increase in Region I is 2.48×109 m3/yr, of which 0.525×109 m3/yr precipitates inside the basin. Therefore, the marginal evapotranspiration recycling ratio of Scenario I can be obtained as 21%, which is basically consistent with the existing value shown in Figure 2B. This means that 21% of the supposed evapotranspiration increment in Region I will convert to precipitation inside the Tarim Basin. To quantify the contribution of irrigation growth to moisture recycling of the whole basin, we find that the multi-year (1980–2018) mean evapotranspiration recycling ratio of the Tarim Basin under Scenario I is 17.05%, which is 0.22% higher than the baseline (16.83%). Namely, the reprecipitation of evapotranspiration increase in Region I has a positive effect on the moisture recycling of the Tarim Basin.
TABLE 2 | Change in moisture recycling under different scenarios.
[image: Table 2]Figure 7 is the same as Figure 6 but for Scenario II. From the differential plot of Figure 7C, it is obvious that under Scenario II, the reprecipitation from the increased evapotranspiration forms a high-value region in the southwestern part and northwestern mountains in the Tarim Basin with high values >5 mm/yr, as well as the southern border and the remote Qilian Mountains. The marginal evapotranspiration recycling ratio of Scenario II is 24% as shown in Table 2, which is higher than Scenario I and consistent with Figure 2B. The evapotranspiration recycling ratio of the whole Tarim Basin also increased to 17.12% in Scenario II, 0.29% higher than the baseline.
[image: Figure 7]FIGURE 7 | Spatial distribution of reprecipitation in the Tarim Basin of (A) the baseline scenario and (B) Scenario II, and (C) the difference between Scenario II and the baseline scenario.
Figure 8 is the same as Figures 6, 7 but for Scenario III. From the differential plot of Figure 8C, it is obvious that in Scenario III, the reprecipitation from the increased evapotranspiration in Region III forms a high-value region locally in the northeastern part of the Tarim Basin, and relative high regions remotely in the Qilian Mountains and farther eastern mountains. It can be seen that both the extent and intensity of reprecipitation inside the Tarim Basin is largely shrunk in Scenario III compared with the previous two scenarios, which is consistent with the low recycling ratio of Region III shown in Figure 2B. The absence of high mountains in the east border of the Tarim Basin leads to farther and dispersed transport of the increased evapotranspiration in Region III. Then the marginal evapotranspiration recycling ratio of Scenario III is only 7.8% as shown in Table 2, which is much lower than Scenario I and II. The evapotranspiration recycling ratio of the whole Tarim Basin in Scenario III is 16.94%, only 0.11% higher than the baseline.
[image: Figure 8]FIGURE 8 | Spatial distribution of reprecipitation in the Tarim Basin of (A) the baseline scenario and (B) Scenario III, and (C) the difference between Scenario III and the baseline scenario.
We further plot the series of yearly evapotranspiration recycling ratios in the Tarim Basin from 1980 to 2018 for different scenarios, as shown in Figure 9. We can see that the evapotranspiration recycling ratio can be increased by increasing evapotranspiration in the basin, and the selection of different regions has different magnitudes of impact. We also get the result that for all the scenarios and all years, the supposed increase of evapotranspiration always has a positive effect on the recycling ratio; but for years with higher baseline value and in Scenario II, the increase in recycling ratio is more notable.
[image: Figure 9]FIGURE 9 | Yearly moisture recycling ratio in the Tarim Basin under different scenarios.
From the scenario simulation and comparison, we can conclude that: the effect of Scenario II on raising the moisture recycling ratio in the Tarim Basin is higher than that of the other scenarios; while Scenario III has the weakest effect on the growth of the recycling ratio due to the combined effect of its location, the local atmospheric circulation, and the basin’s surrounding terrain, which will be discussed later. We also find that within the change range of the scenarios, the marginal moisture recycling effect in different locations is consistent with the proportion of WSoP over local evapotranspiration shown in Figure 2B. Namely, for locations where currently contribute more to basin precipitation, there will be a higher effect of increasing reprecipitation inside the basin, as well as the moisture recycling ratio of the whole basin. This reminds us that for the selection of new water consumption regions, especially for irrigation and afforestation, the significant difference on moisture recycling that brings secondary water resource effect worthy a thorough consideration, which will be also discussed later.
4 DISCUSSION
4.1 Overall moisture recycling ratio
We conducted moisture recycling ratio calculation using both the WSoP backtracking and RPoET tracking methods, and we noticed that there are some difference between the two results. Here we discuss where the difference comes from according to Eqs 8,9. We examine the denominator of the equations first, and find that evapotranspiration and precipitation generally equal to each other in this endorheic basin. In average, evapotranspiration is 6.9% less than precipitation in the Tarim Basin for the studied 39 years; for annual values, the ratio of evapotranspiration over precipitation in the basin fluctuates in the range from 0.82 to 1.09. This means that the terrestrial water storage in the Tarim basin would be increasing, which is inconsistent with the fact that the glaciers on its surrounding mountains are melting for the global warming and ground water storage in the basin are decreasing from specialized research (e.g., Zhao and Li, 2017; Zuo et al., 2021). Due to the limited precision of ERA-5 data used in this paper, we will not further discuss the water balance problem. Nevertheless, the difference between evapotranspiration and precipitation in this endorheic basin is not the main cause of the systematic bias between the two moisture recycling ratios.
For the numerator of the equations, it is found that [image: image] in Eq. 8 from forward tracking is always higher than [image: image] in Eq. 9 from backtracking, though they should be the same quantity theoretically. The mean relative difference between the two is 12% with a unidirectional range from 1.2 to 14.5%. This should be the main source of the bias the two recycling ratios, mainly caused by the calculations inside the WAM-2Layers model, including the dispersion of evapotranspiration, the vertical exchange, and the precipitation process, particularly for that the model only have two vertical layers. Though we cannot further reveal the reason why the difference is only in one direction in this paper, a further improved model or a Lagrangian model (e.g., Sprenger and Wernli, 2015; Pisso et al., 2019) considering more vertical layers is expected to improve the accuracy.
We should also notice that the moisture recycling ratio of a basin is scale-sensitive and even shape-sensitive (van der Ent et al., 2010), i.e., a larger basin will naturally have a greater recycling ratio, which makes its comparison among different basins less worthwhile. Nevertheless, for the endorheic Tarim Basin, despite its dry weather, the surrounding mountains would benefit its moisture recycling, and different studies for the same basin using different methods and data can be cross-compared.
In this paper, the multi-year mean moisture recycling ratio of the Tarim Basin is found to be 15.4%. This conclusion is quite similar to that of Hai and Guihua (2013), who used the conventional box method and different data and found the moisture recycling ratio in the Tarim Basin as 14%. We should notice that, the box method in Hai and Guihua (2013) used local evaporation as the key variable to calculate the recycling ratio. This method assumes that precipitation is contributed equally from atmospheric water vapor originated (evaporated) from different regions, then calculates the recycling ratio as the ratio of local evaporation over water vapor inflow plus local evaporation. This is in fact a backtracking point of view. If we use the WSoP backtracking only, the results in this paper and Hai and Guihua (2013) even coincide at 14%. Here we may conclude that the overall moisture recycling for a basin in this scale is not hard to reach a convincible result.
4.2 Spatial characteristics of moisture recycling in the Tarim Basin
Here we further investigate the spatial characteristics and structure of moisture recycling, which is important for basin management, especially for those measures altering the distribution of evapotranspiration, including irrigation, forestation, and inter-basin water diversion.
The WSoP backtracking is the backward view to understand the origin of precipitation, as well as water resources. For the spatial distribution of moisture source, we have Figure 2A showing the WSoP quantity in mm per year, and Figure 2B for the relative proportion of evapotranspiration that contributes RPoET, which are determined by both the atmospheric circulation and evapotranspiration supply. It is found that there are apparent structural features in the spatial distribution of WSoP inside the basin, i.e., the moisture source is significantly concentrated in the southwest part than other regions. Though the high mountains with longer frozen period near the basin divide of the Tarim leads to low absolute value of evapotranspiration, the southwestern mountain region still has the highest proportion (>30%) of evapotranspiration’s contribution to basin precipitation.
If we turn to RPoET tracking, the forward view of evapotranspiration’s destination, we have Figure 3A for RPoET in mm per year and Figure 3B for the relative proportion of precipitation that comes from basin evapotranspiration. We can see that nearly all the RPoET in the Tarim Basin is concentrated in the surrounding mountains, and the highest relative proportion (>20%) locates in the southern part. We should notice that Hai and Guihua (2013) also gave a conclusion about the spatial distribution of moisture recycling ratio, which is equivalent to the concept discussed here, i.e., the relative proportion of precipitation from the basin inside. Their results showed that the recycling ratio is relatively high in the northern area of the Tarim Basin, especially in the northwest, which is different from the results in this paper. Because the box method and calculation treatment used in the former research are less accurate than the WAM-2Layers, we have more confidence about the results in this paper, which can be further explained by the atmospheric circulation characteristics as follows.
The Tarim Basin is located in the westerly wind belt of the northern hemisphere, and the atmospheric circulation at high altitude cannot be obviously influenced by the topography of the underlying surface. With prevailing westerlies, the wind field at high altitude (500 hPa) in all the seasons is from west to east (the right column in Figure 10). However, the prevailing westerly winds are blocked by the western slope of the Pamir Plateau, and they are partly forced to lift and to “attract” the bottom atmosphere. As a result, updrafts are formed in the western half of the Tarim Basin (Huang et al., 2015). Meanwhile, the eastern border also has an obstructing effect on the westerlies and leads to the formation of downdrafts in the east. Therefore, in the lower layer (800 hPa, the left column in Figure 10), the airflow rises in the western part and falls in the eastern part, and the planar view of the wind field has a clockwise circulation. Moreover, in summer, the moisture transport from the northwest joins the circulation and affects its shape. Nevertheless, this local atmospheric circulation within the Tarim Basin generally leads to the updraft of evapotranspiration in the eastern part, the horizontal transport of the uplifted moisture in the clockwise direction at low altitude and from the west to the east at high altitude, and finally the reprecipitation in the southeastern mountainous regions where the clockwise circulation is obstructed. This atmospheric circulation pattern determines the dominant spatial structure of moisture recycling, especially in summer, that is: evapotranspiration from the southwest reprecipitates in the south. To further reveal this structure, the Lagrangian methods (e.g., Sodemann et al., 2008) could be considered for displaying the water vapor trajectories of precipitation.
[image: Figure 10]FIGURE 10 | Wind fields with specific humidity at two pressure levels in different seasons (A) Spring, (B) Summer, (C) Autumn, (D) Winter in the Tarim Basin.
4.3 Consideration of reprecipitation in irrigation site planning
Reprecipitation brings evapotranspiration back to the same basin, then it is a secondary effect of water use, especially for irrigation. The overall moisture recycling ratio suggests that this effect is in the magnitude of 15% in the Tarim Basin. Although only a small portion of reprecipitation converts to conventional water resource, but the remained also benefits the arid and fragile ecosystem. To this point, we should pay more attention to the spatial link between the source (evapotranspiration) and the destination of reprecipitation. For the source, new irrigation land and forestation will reallocate or contribute new evapotranspiration, which is related in irrigation site or forestation planning. For the destination, more reprecipitation inside the arid endorheic basin is of course more favorable.
From the spatial characteristics of moisture recycling in the Tarim Basin, it can be found that the areas with higher proportion of evapotranspiration that contributes RPoET in the basin are located in the southwestern part. Furthermore, irrigation scenario simulation and comparison are conducted in this paper to reveal the reprecipitation effect of different irrigation locations. The results show that, with other conditions equal, it is better to set up new irrigation areas in the southwest of the basin than in other regions.
Irrigation areas were generally formed in history with their advantage in the adjacency with rivers and availability of proper land space, while their challenge in the future is the long-term economic and environmental sustainability (Angelakιs et al., 2020). There have been numerous advances in technology and management to improve the sustainability of irrigation areas. However, most of them focused on the irrigation area itself, and seldom extended the point of view to the atmospheric-land surface coupled water resource recycling. From the perspective of irrigation water’s reprecipitation, the consideration of water resource recycling would promote the optimization of new irrigation area planning and the recognition of existing agricultural lands’ values.
5 CONCLUSION AND SUGGESTIONS
This work studied the spatial and temporal characteristics of the WSoP and the RPoET of the Tarim Basin. We obtained the moisture recycling ratio of the Tarim Basin over the past 39 years, and compared the impact of irrigation expansion in different locations on moisture recycling by scenario analysis. The conclusion can be obtained as below:
(1) For the WSoP of the Tarim Basin, high-value areas are mainly distributed in the southwest part of the basin, as well as the headwaters of the Aral Sea and the Indus River to its west; moisture recycling ratio of the Tarim Basin using the WSoP backtracking method is found to be 14.0%.
(2) For the RPoET of the Tarim Basin, high-value areas are mainly concentrated in the mountainous region in the southern part and the remote Qilian Mountains to the southeast; moisture recycling ratio of the Tarim Basin using the RPoET tracking method is found to be 16.8%.
(3) The supposed irrigation areas in different locations of the Tarim Basin have significant difference in reprecipitation and moisture recycling. The evapotranspiration increase in different locations has a marginal reprecipitation ratio ranges from 8% to 24%, and further boosts the whole basin’s moisture recycling ratio by 0.11%–0.29%.
If we extend the viewpoint of land use planning to the atmospheric-land surface coupled water resource recycling, the consideration of irrigation water’s reprecipitation, or say water resource recycling, would promote the optimization of new irrigation area planning and the recognition of existing agricultural lands’ values. For the Tarim Basin, it is obviously better to set more irrigation areas in the southwest area rather than in the east.
In this paper, in order to ensure the self-consistency of data, the ERA-5 reanalysis data was used. However, the ERA-5 data overestimates precipitation and evapotranspiration in the Tarim Basin, which reduces the reliability of the absolute quantity results of this study. Nevertheless, the moisture recycling ratio and spatial-temporal characteristics found in this paper should be reliable and of great importance. To overcome the single source and low regional precision problem of research data, more data source or uncertainty analysis should be used in further studies.
It also should be noticed that the WAM-2Layers model used in this paper is an Eulerian method, which shows the distribution of WSoP and RPoET without the transport path of moisture, from WSoP to precipitation or from evapotranspiration to RPoET. In the future, it can be considered to add Lagrangian trajectory method to moisture recycling analysis.
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