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Abstract

:

Locally evaporated water vapor is an important source of precipitation in China. The spatiotemporal variation characteristics of the precipitation recycling ratio (ρ) in the Yangtze River Basin (YRB) in 1979–2020 were calculated and analyzed, and the contribution of internal and external cycling precipitation changes to the total precipitation changes in YRB under climate change was studied. The results show that the annual average ρ in YRB is approximately 10.3%, with the highest value of 21.8% in summer, lower than 10% in spring and autumn, and the lowest in winter, with only approximately 3.5%. Over the past 40 years, the annual average ρ in YRB has shown an increasing trend, with an increased rate of 0.4%/10a, especially in summer, with an increasing rate of 1.2%/10a. In terms of spatial distribution, ρ in YRB shows an obvious difference between the eastern and western regions, with that in the upstream western region being significantly higher than that in the downstream eastern region. The annual average ρ in the upstream region was 15–35% and can reach 20–50% in summer. The annual average ρ in the downstream region is below 10%. In general, precipitation formed by advection moisture accounts for the majority of the total precipitation in YRB. From 1979 to 2020, the annual precipitation in YRB showed an increasing trend. The cumulative increase is about 47.4 mm, of which 68.9% was contributed by local evaporation, and 31.1% was contributed by external moisture.
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1. Introduction


Precipitation is formed by the condensation of atmospheric water vapor, and the sources of atmospheric water vapor in a given region are local evaporation and external water vapor inputs [1]. Since the 1950s, attention has increasingly been paid to the role of internal and external circulation of terrestrial water, and local evaporation has been found to be an important source of water vapor at certain times in some regions [2]. Both Horton [3] and McDonald [4] emphasized the importance of local evapotranspiration for precipitation in a region. Scientists initially considered the use of isotopic measurements to study the contribution of evaporation to precipitation; for example, Dansgaard [5] proposed the concept of precipitation isotope deuterium surplus (d-excess) based on the effect of evaporation on the slope and intercept of the Meteoric Water Line (MWL), noting that it could be used to measure the effect of land surface evaporation on the decay of precipitation isotope content. During this period, the assessment of the effect of local evaporation or external water vapor input on precipitation was generally limited to qualitative descriptions due to the unavailability of actual measurements and the lack of estimation methods.



Budyko was the first (proposed in 1954 and formulated in 1974) to derive a proportional relationship between total regional precipitation and precipitation formed by external water vapor transport [1]. The ratio is a simple function of evapotranspiration, water vapor transport flux, and distance scale, which can be transformed simply into a one-dimensional precipitation recycling ratio expression. Molion [6] was the first to define the evaporation recycling ratio (i.e., the proportion of evaporation forming local precipitation to total evaporation) and introduced a model to calculate this ratio based on the atmospheric moisture conservation equation using dimensionless water vapor trajectory analysis [7]. All these studies assume that the total water vapor, external inflow water vapor, and local evaporative water vapor vary linearly with the one-dimensional flow field, and, therefore, can only be considered as an ideal state result for the atmosphere. Brubaker et al. [8] developed a two-dimensional water recycling model by replacing the distance variable of the Budyko model with an area variable. Burde et al. [9], on the other hand, argued that the relationship between total water vapor, external inflow water vapor, and locally evaporated water vapor depends on the flow field structure and the spatial distribution of water vapor, and the distance variable cannot be simply replaced by the area variable. By introducing a flow field correction factor, Burde et al. [9] further improved another two-dimensional water recycling model. Eltahir and Bras [10] derived the atmospheric water vapor conservation equation on the grid cell based on the characteristics of conventional meteorological data, giving a new moisture recycling model that can be calculated using iterative methods and achieving better applications in the Amazon and Mississippi River basins. During this period, isotope methods also started to be used for quantitative assessment of precipitation recirculation rates. For example, Gat et al. [11] derived a model from calculating the evaporative water vapor deuterium surplus based on the isotopic evaporation model developed by Craig and Gordon [12], which in turn gave the calculation of precipitation recycling ratio in the Great Lakes region of North America. The isotope approach has also been nested into the atmospheric circulation model GCM and applied to water cycle or recycling studies [13,14], making the atmosphere-ocean-land boundary layer processes, large-scale circulation, and water cycle into a unified whole, and thus is considered to have higher accuracy than the conventional methods [15].



Since the 2000s, with the continuous enrichment of various meteorological data and the rapid improvement of computing power, the research methods of moisture recycling have become more refined and precise, and the numerical analysis methods, atmospheric circulation model methods, and isotope methods have been developed significantly. For example, Burde and Zangvil [16] made the first attempt to solve the atmospheric water vapor conservation equation in the Lagrangian coordinate system and gave a one-dimensional analytical solution for the moisture recycling ratio. Dominguez et al. [17] used a similar method to transform the coordinates of x, y, and t to obtain the Dynamic Recycling Model (DRM) in Lagrangian coordinates, which can calculate the moisture recycling ratio at different time scales. The water accounting model (WAM) was proposed by van der Ent et al. [18] by applying numerical methods to solve the atmospheric water vapor conservation equation. In terms of atmospheric circulation models, Numaguti [19] conducted a water vapor tracking experiment using the CCSR/NIESA GCM to analyze the origin and transport of water vapor in the global atmosphere-land system, focusing on the estimation of the water recycling ratio in Eurasia. Based on the NASA GEOS GCM model for water vapor tracking, Bosilovich and Schubert [20] studied the sources of precipitation in the North American and Indian regions. Compared to GCMs, regional climate models (RCMs) with a water vapor tracking diagnostic module have the advantage of higher resolution to provide a finer picture of topography, land surface heterogeneity, atmospheric water vapor advection, convection, dispersion, and cloud microphysics processes. For example, the high-resolution model (HRM) [21], the Mesoscale Meteorological community Model MM5 [22], and the Weather Research and Forecasting Model WRF [23] have achieved good results in the Elbe River basin, the West African region, and the North American monsoon region, respectively.



In terms of isotopic methods, Peng et al. [24] proposed an isotopic moisture recycling model that considers the contributions of evaporation and transpiration, respectively, and Froehlich et al. [25] studied the contribution of evaporation to precipitation in the Alpine region by drawing on Peng’s model and considering the effect of evaporation under clouds. Subsequently, Peng et al. [26] developed a ternary linear solution equation from the precipitation isotopic content balance.



In China, Liu and Wang [27] were the first to calculate the contribution of regional evaporation to precipitation using a one-dimensional recirculation model and found that approximately 17% of evaporated water was recirculated to form precipitation, accounting for 10% of the total precipitation in China. Yi and Tao [28] developed a precipitation recycling model based on the Eltahir and Brubaker models and found that the contribution of evapotranspiration to precipitation in the Yangtze River Basin was approximately 10%. Kang et al. [29,30] used the Eltahir model to estimate the precipitation recycling ratio in south-central and northern China and found that the total precipitation recycling ratio was 28.8% in south-central China and approximately 19% in the Yellow River basin. Hua et al. [31,32] used the DRM model and found that precipitation recycling in arid and semi-arid regions of China showed an enhanced trend, where the precipitation in the Qinghai-Tibet Plateau and its surrounding areas strongly depends on the recycling process, while the contribution of recycling precipitation is much smaller in southeastern China because of the influence of summer wind water vapor transport. Su et al. [33] evaluated the global and Chinese regional moisture recirculation rates based on the WAM model and found that the precipitation recycling ratio in mainland China was 32.6%, and the evaporative recycling ratio was 44.9%. Fremme and Sodemann [34] conducted a diagnostic analysis of the source of precipitation water vapor in the lower Yangtze River basin and found that water vapor from ocean evaporation contributed 42% of the precipitation in the Yangtze River basin and water vapor from land evaporation contributed 58%, with the contribution of evaporative water vapor from within the region to precipitation of 15.8%. Wu et al. [35] studied precipitation recycling in northwest China based on the Eltahir model and found that the contribution of external circulation to the increase in precipitation in northwest China was significantly higher than that of internal circulation. Li et al. [36] applied the above model to the Qinghai-Tibet Plateau region and found that the average annual precipitation recycling ratio on the plateau was 12.2%, with the highest value of 26% on average in summer. Based on ERA5 reanalysis data and the Brubaker recycling model, Zhao and Zhou [37] evaluated the summer recycling rate and basic characteristics of the water cycle over the Tibetan Plateau, and concluded that 77.4% of the summer precipitation over the Tibetan Plateau contributed by external water vapor input, while only 22.6% of the precipitation was formed through local evaporation recycling. The external input water vapor dominates the water vapor source of the plateau precipitation. A recent study in the same region indicates that the internal cycle (87.2%) contributes more to the precipitation shift than the external cycle (12.8%), and precipitation recycling contributes more to heavy precipitation than to light precipitation [38].



Scientists have created several types of models to study precipitation recycling and have obtained good calculations in different watersheds or regions around the globe. We found that the scale dependence of precipitation recycling has not been well addressed in previous studies; that is, the larger the study area, the larger the recycling ratio, making the results for different areas and shapes not comparable. Second, there have been relatively few research results regarding the Chinese region, especially in the Yangtze River basin, in recent years. At the same time, owing to model and data source differences, some research results also have large uncertainties. In this study, we selected the Yangtze River basin (YRB), the largest area in China, as the study area and adopted an improved iso-scale calculation scheme to calculate and analyze the temporal variation and spatial distribution of the precipitation recycling ratio in the basin. The second part of the paper introduces the study area, data, and the precipitation recycling calculation model; the third part gives the main conclusions of the paper in detail, including the characteristics of temporal variation and spatial distribution of precipitation recycling rate in YRB, the variation characteristics of evaporation and water vapor transport, and also the contributions of both to the increase of precipitation in YRB.




2. Materials and Methods


2.1. Study Area


The Yangtze River originates from the Tanggula Mountains on the Qinghai-Tibet Plateau, with a total length of more than 6300 km and a drainage area of 1.8 million km2. It is the third-largest river in the world (Figure 1). One-third of China’s water resources and three-fifths of its hydropower resources come from YRB. Most of the country’s freshwater lakes are distributed in the middle and lower reaches of the Yangtze River, which are China’s important strategic water source, ecological treasure houses, and golden waterways. The Hengduan Mountains in YRB, located in the second and third-step transition zone of China, are located at the eastern edge of the Qinghai-Tibet Plateau, which is located at the intersection of several monsoons. This region is sensitive to global climate change owing to its diverse climate types and extremely complex climatic conditions. The upper reaches of the Yangtze River are abundant in water and have a large drop in terrain, and its hydropower resources are extremely rich, making it an important base for hydropower development in China.



The average annual precipitation in the Yangtze River Basin is about 1070 mm, decreasing from southeast to northwest. Annual precipitation in the southeast can reach 1200 mm, while less than 500 mm in the northwest. The distribution of precipitation in the basin is uneven throughout the year, and the precipitation in the rainy season from May to October accounts for about 70–90% of the annual precipitation. Heavy rain frequently occurs in summer, and the weather systems that cause heavy rain in the basin mainly include cold front troughs, low vortex shear, Meiyu front, tropical cyclones, and eastern waves. The maximum annual precipitation is 2–4 times the minimum annual precipitation, and the minimum annual precipitation is 0.46–0.62 times the annual average annual precipitation. Therefore, the Yangtze River Basin is one of the most drought- and flood-prone areas in China.




2.2. Data


Evaporation and moisture transportation data were used to calculate the precipitation recycling ratio. At present, most observations are available for pan evaporation, while actual evaporation monitoring data are relatively few. Compared with evaporation, observations of water vapor are scarcer. Sounding stations are rare, and it is difficult to cover the boundaries of the study area. Considering that it is difficult for evaporation and water vapor observation stations to cover the boundaries of the study area and maintain data consistency, the evaporation and water vapor transport data used in the calculation of ρ in this study were from ERA5 monthly data, the fifth generation ECMWF atmospheric reanalysis of the global climate (https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-single-levels-monthlymeans?tab=overview (accessed on 19 April 2021)) [39]. The horizontal resolution is 0.25° × 0.25°. Precipitation data were obtained from the China Meteorological Forcing Dataset (CMFD). CMFD is based on Princeton reanalysis data, GEWEX-SRB, the Global Land Data Assimilation System (GLDAS), and TRMM precipitation data combined with observations from the CMA [40]. The original horizontal resolution of the CMFD data is 0.1° × 0.1°. To facilitate the calculation, we use a linear interpolation method to interpolate it to a resolution of 0.25° × 0.25° consistent with the ERA5 data. Some research indicates that CMFD could well reproduce the spatial distribution of mean monthly precipitation and temperature in China. A good correlation is found between CMFD and situ observations under different amounts of monthly precipitation conditions [41,42].



The time period of the datasets in this study was 1979–2020. Moreover, spring is from March to May (MAM), summer is from June to August (JJA), autumn is from September to November (SON), and winter is from December to February (DJF) the following year.




2.3. Methods


According to the characteristics of the gridded meteorological data, the area consisting of four grid points can be defined as a grid cell. On each grid cell, each water cycle variable satisfies the following equation:


          ∂  N w    ∂ t   =  I w  + E −  O W  −  P w          ∂  N o    ∂ t   =  I o  −  O o  −  P o         



(1)




where subscripts w and o denote molecules that evaporate within and outside the grid cell, respectively. I and O are inflow and outflow, P is precipitation, E is evaporation, and N is water vapor content (see Figure 2). N, I, O, P, and E are variables in space and time. Each of I and O is a summation of the components of flux in the two horizontal directions. Equation (1) includes both the terrestrial (up) and atmospheric (down) branches of the water balance equation.



The precipitation recycling ratio (ρ) refers to the proportion of precipitation contributed by local evaporation in total precipitation, representing the ability of recycling within the region. Based on its definition, ratio ρ can be expressed as:


  ρ =    P w   P  =    P w     P w  +  P o     



(2)







Observation experiments and relevant studies have shown that it takes only about 15 min for water vapor molecules evaporating at the surface to mix in the vertical for up to a depth of one kilometer [10]. At the monthly timescale (or quarterly or annually), the water vapor over the study area can be considered to be fully mixed. Therefore, ρ can be defined as:


  ρ =    P w   P  =    P w     P w  +  P O    =    O w     O w  +  O o     



(3)







Compared with water vapor fluxes and evaporation, the change rate for water vapor storage is very low on the monthly timescale. Nw or No is small compared with the water vapor flux I, O, and E, thus from Equations (1) and (3), we can obtain the formula for calculating the precipitation recycling ratio on the grid cell:


  ρ =    I w  + E    I w  + E +  I o     



(4)







Because of the scale dependence of ρ [8], an “iso-scale” calculation method was adopted in this study; that is, for any grid cell (i, j), the calculation range of ρ is the region consisting of a certain number of surrounding grid cells [35,36]. For example, given the radius with 10 grid cells, then the calculation range is an area composed of 253 surrounding grid cells (Figure 3; [36]). For YRB, the area scale of each calculation unit was approximately 16.5 km2. In each calculation unit, the precipitation recycling ratio (ρ) of each grid cell is calculated by an iterative method, i.e., given the initial value of ρ (e.g., 0.5), the first iteration values of Pw and Po and Ow and Oo can be calculated according to the first half part of Equation (1), and note that Ow and Oo are the Iw and Io of the next grid cell. Using the latter part of Equation (1), the first iteration value of ρ can be calculated. Continuing the iterative process, eventually, the entire computational cell will reach equilibrium, i.e., ρ will converge to the true value.



The non-parametric Mann–Kendall test [43] was used to estimate the significance of the long-term trend in annual ρ and seasonal ρ during 1979–2020. The principle is that for time variables x1, x2…, xn, we construct the following statistics:


  Z =         S − 1     var  S      ,     S > 0       0 ,     S = 0         S + 1     var  S      ,     S < 0        



(5)




where   S =   ∑   i = 1   n − 1     ∑   j = i + 1  n  s g n    x j  −  x i     ,   var  S  = n   n − 1     2 n + 5   / 18  . The statistic Z meets the standard normal distribution, and the increasing or decreasing trend of the time variable x was determined based on its positive or negative. Given the corresponding confidence levels (90%, 95%, and 99%), the significance level of the changing trend of the time variable x was determined (0.1, 0.05, and 0.01). Significance levels of 0.1, 0.05, and 0.01 were then taken as thresholds to classify the confidence (90%, 95%, and 99%) of changing trends.





3. Results


3.1. Spatiotemporal Variation of Precipitation Recycling Ratio (ρ)


The average annual ρ of YRB during 1979–2020 is approximately 10.3%, with the highest of 21.8% in summer, 7.6%, and 8.4% in spring and autumn, respectively, and the lowest of 3.5% in winter. The average annual ρ in YRB shows an increasing trend, with an increased rate of approximately 0.4%/10a (Figure 4). From the perspective of seasonal distribution, ρ in summer increased the most significantly, with an increased rate of 1.2%/10a, followed by autumn, which increased first and then decreased, with an increased rate of approximately 0.2%/10a. However, the change in ρ was not obvious in spring and winter. From the p values, the increasing trend of annual and four-season precipitation recycling ratios were not significant.



Figure 5 shows the spatial distribution of ρ in YRB. It can be seen that ρ in the basin differs distinctly between eastern and western regions. The upper reaches of the basin are high-value areas of ρ, with an annual average of 15–35% and peaks of 20–50% in summer. The highest ρ occurred in the Sichuan Basin and its surrounding areas, with an annual average of more than 20% and a peak of over 35% in summer. The lower reaches of the Yangtze River have relatively low values, with an annual average of less than 10%. The spatial distributions of ρ in spring, summer, and winter are consistent with the annual distribution, and the area with relatively high ρ in autumn is located in the southeast of YRB.



Almost all annual ρ values in YRB show an increasing trend, with the most obvious increasing trend observed in the middle and upper reaches of the basin, which are significant at the 95% confidence level (Figure 6). From the perspective of seasonal changes, the spatial distribution of summer ρ dominates that of annual ρ, and its high and low trend distributions are consistent with the spatial distribution of the annual ρ change trend. The spring and autumn ρ of the entire basin also increased. The area with an obvious increase in spring is located in the lower reaches of the Yangtze River, while in autumn, it is in the upper reaches. In winter, ρ in most areas showed an increasing trend but showed a decreasing trend only in the upstream area. The region with an obvious increasing trend was located in the middle reaches of the river basin.




3.2. Changes in Evapotranspiration in YRB


The variation of precipitation recycling is the result of the combination of local evapotranspiration variation and external water vapor transport. The temporal variation of evapotranspiration in YRB is given in Figure 7. In the context of global warming, evapotranspiration in YRB shows a certain increasing trend with an increased rate of 5.7 mm/10a (p-value = 0.01418). It is mainly reflected in spring and winter with an increased rate of 3.4 mm/10a (p-value = 0.00292) and 1.8 mm/10a (p-value = 0.00363), respectively, while the changing trend in summer and autumn is not obvious. Since we directly used ERA5 evaporation here, it is not possible to precisely determine the cause of the increase, but it is generally accepted that increasing temperature could increase evaporation, which is evidence of the global water cycle accelerating [44]. It has also been suggested that temperature is not the only factor affecting the change of evapotranspiration, and the influence of various factors such as radiation, wind speed, cloud, and subsurface water supply conditions make the change of evapotranspiration very complex, and the characteristics of the change vary from region to region [45]. Some studies have found that pan evaporation in the Yangtze River Basin shows a downward trend [46,47,48] rather than increasing with the increase of temperature, which belong to the so-called “evaporation paradox” phenomenon [46]. It has been suggested that pan evaporation or potential evapotranspiration reflects only the evaporation capacity of the atmosphere under adequate water supply conditions and is complementary to the actual evapotranspiration. The decrease in the former corresponds to the increase in the latter. However, in YRB, the actual evapotranspiration calculated by the complementary theoretical model based on meteorological station observations is also decreasing [47], which is not quite consistent with the results analyzed in this paper. Due to the complexity of evapotranspiration, an in-depth study is necessary.



The spatial distribution of evapotranspiration in YRB is given in Figure 8. It can be seen that it roughly shows the characteristics of high in the east and low in the west, where the annual evapotranspiration in the eastern region basically lives above 700 mm/a, while the annual evapotranspiration in the river source area, which is located in the west, is generally within 400 mm. The spatial patterns of annual and seasonal evapotranspiration are basically the same with the exception of the Sichuan basin region, which is a relatively high-value area although it is located in the middle and west of YRB, which is very consistent with the spatial distribution of ρ.




3.3. Change of External Moisture Flux


YRB is located in the Asia monsoon region, and water vapor transport is mainly influenced by the East Asian monsoon and South Asian monsoon, and water vapor brought by the monsoon airflow is the main source of its precipitation. The West Pacific Ocean, South China Sea, Bay of Bengal, and Indian Ocean are the four major water vapor source areas of YRB and transport water vapor to YRB through four important channels, including water vapor transport from the southwest monsoon in the South China Sea; water vapor transport from the southwest airflow in the west side of the West Pacific paramount; water vapor transport from the southwest monsoon in the Indian Ocean and the Bay of Bengal. In addition, water vapor transport from the westerly wind belt in the middle and high latitudes is also one of the sources of water vapor in the Yangtze River, but the amount of water vapor transport is relatively small and mainly affects the upper Yangtze River area in winter and spring. In summer, YRB is most obviously influenced by monsoonal water vapor transport, and the water vapor transport flux is the strongest (Figure 9).



Figure 10 gives the annual and four-season net water vapor budget in YRB. It can be seen that the annual water vapor budget in the YRB shows a decreasing trend, with a decrease rate of 48.5 km3/10a (p-value = 0.0014), mainly from the contribution of decreasing water vapor balance in spring and summer. The rate of decline reached 22.5 km3/10a (p value = 0.0005) in spring and 25.8 km3/10a (p value = 0.0005) in summer. In addition, the trend of water vapor budget in autumn and winter is not significant, with p values greater than 0.1. Dividing by the area of the YRB (178.4 × 104 km2), the water vapor budget in mm can be obtained, which can be easily compared with evaporation and precipitation in the basin (see the right vertical axis in Figure 10).




3.4. Difference Contributions between Evaporation and External Moisture Flux to Precipitation


The annual average precipitation of YRB is approximately 1071.5 mm (Table 1), showing an overall increasing trend, with an increased rate of 11.9 mm/10a (not passing the significance test). According to Equation (1), the total precipitation can be divided into internal recycling precipitation (Pw) and external cycling precipitation (Po, Table 1). Pw (precipitation contributed by local evaporation) in the basin was about 141.6 mm/a, and the Po (precipitation contributed by advection moisture) was about 929.9 mm/a. Both values showed increasing trends, with increasing rates of 8.2 mm/10a (passing the 0.1 significance level test) and 3.7 mm/10a (failing the significance test), respectively. The results show that the Po accounts for the majority of the total precipitation in YRB; however, 68.9% of the increase in precipitation in the basin was contributed by Pw, while 31.1% was contributed by Po.



Seasonal changes in Pw and Po showed clear differences. Owing to the typical characteristics of the monsoon climate, YRB was dominated by summer precipitation (approximately 487.7 mm/a), accounting for 45.5% of annual precipitation. Summer Pw was about 100.4 mm/a, showing an increasing trend of 6.2 mm/10a, while summer Po was about 387.2 mm/a, showing a decreasing trend of −6.8 mm/10a. Their contributions to the total precipitation in summer almost canceled each other out. The spring precipitation in the basin was approximately 281.1 mm/a, accounting for 26.2% of the annual precipitation. Spring Pw was about 19.2 mm/a, showing a slight increase trend, while spring Po was about 262.0 mm/a, showing an increasing trend, with an increased rate of about 5.5 mm/10a. The autumn precipitation was approximately 213.0 mm/a, accounting for 19.9% of the annual precipitation. Autumn Pw was about 19.5 mm/a, showing a slight increase trend, and autumn Po was about 193.6 mm/a, also showing a slight increase trend. There was less precipitation in winter, approximately 88.5 mm/a, which accounted for only 8.3% of annual precipitation. Moisture-producing precipitation mainly came from outside the region.



Figure 11 shows the spatial distribution of total precipitation (P), Po, and Pw in YRB. The spatial distribution of P in the Basin was greater in the southeast and lesser in the northwest; that is, it gradually increased from the upstream to the downstream. The spatial distribution of Po was consistent with that of P, whereas the spatial distribution of Pw was high in the upper reaches and low in the middle and lower reaches. The high-value area is located in the Sichuan Basin in the upper reaches. The changing trend of P in YRB has complex spatial and seasonal differences (Figure 12). The P in the lower reaches increased significantly but decreased in the middle and upper reaches, with the exception of high-altitude areas at the source of the Yangtze River and the eastern part of the middle reaches. The distribution of the changing trend of Po was consistent with that of P, indicating that the distribution of Po significantly dominates that of P, especially in summer. Pw showed an increase in the entire basin, especially in the upper reaches at high altitudes. The spatial difference between Pw and Po complicates changes to P.





4. Conclusions and Discussion


In this paper, we use the Eltahir two-dimensional moisture recycling model and the iso-scale calculation method; we calculated and analyzed changes in the precipitation recycling ratio (ρ) in the Yangtze River basin (YRB) and quantitatively evaluated the contribution of local evaporation and advection moisture to precipitation changes in YRB. The main conclusions are as follows: (1) The multi-year average precipitation recycling ratio in YRB is about 10.3%, with the highest in summer, up to 21.8% on average, below 10% in spring and autumn, and the lowest in winter, only about 3.5%. (2) Over the past 40 years, the annual ρ in the basin has shown an increasing trend, with an increased rate of approximately 0.4%/10a, and the most significant increase rate was in summer, with an increased rate of 1.2%/10a. (3) ρ in the upper reaches of the western basin was significantly higher than that in the lower reaches of the eastern basin. The annual average ρ in the upper reaches is 15–35% and can reach 20–50% in summer, whereas in the downstream area, it is below 10%. (4) From 1979 to 2020, the annual precipitation in the basin showed an increasing trend, and the internal recycling precipitation (Pw) contributed 68.9% to the increase in precipitation, with contributions in all seasons, particularly in summer. The contribution of external cycling precipitation (Po) to the increase in annual precipitation in the basin was 31.1%, which is mainly attributed to the positive contribution of spring and autumn precipitation. Owing to the downward trend of advection moisture in summer, the contribution to precipitation increases in the basin canceled each other out with other seasons, making the contribution of Po to precipitation increase less than half of that of Pw. (5) The spatiotemporal variation in precipitation in YRB is mainly dominated by Po, while the variation in Pw makes the temporal and spatial distribution of total precipitation more complex.



We compared the results of Liu [27] and Yi [28], which are the earliest studies on precipitation recycling in YRB. Among them, Liu [27] concluded that the contribution of local evaporation to precipitation in YRB is about 14.1%, which is slightly higher than our results; But the conclusions of Yi [28] are very close to those of this paper, including the annual average value and seasonal variations of the recycling ratio. The spatial distribution is also very similar, with the high-value areas all located in the Sichuan basin. The most recent study from Fremme and Sodemann [34], whose study area is mainly located in the middle and lower reaches of YRB, is very consistent with ours in terms of basic conclusions, although the study area is smaller than ours and the methods of the study are different. This indicates that our conclusions are still reliable, and that our proposed iso-scale calculation scheme performs stably.



Nevertheless, there might are still some uncertainties in our study. The first is from the underlying data. In this study, we only used EAR5 data, including evaporation and water vapor transport data, which quality directly determines the accuracy of our results. The application of actual observation data, if any, will improve the reliability of our results. For example, for evaporation data, some early studies actually found that actual evapotranspiration in YRB showed a decreasing trend [47], while evaporation using ERA5 data was increasing. Due to the complexity of evaporation itself, it is not yet certain which result is more accurate. In addition, in terms of models, our study is yet to be compared from different model calculations, and in some comparative studies available, there are some differences in the performance of different models in the same area, some of which are significant.
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Figure 1. Topographic map of YRB. 
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Figure 2. Schematic diagram of precipitation recycling [36]. 
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Figure 3. Sketch map of the “iso-scale” calculation method of ρ [36]. 
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Figure 4. Time series of ρ in YRB ((a): annual; (b): spring; (c): summer; (d): autumn; (e): winter; units: %; R2: coefficient of determination; p: p-value). 
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Figure 5. Spatial distribution of ρ in YRB ((a): annual; (b): spring; (c): summer; (d): autumn; (e): winter; units: %). 
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Figure 6. Spatial distribution of changes to ρ in YRB ((a): annual; (b): spring; (c): summer; (d): autumn; (e): winter; MK-test, black dots mean the trends are significant at 95% confidence level). 
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Figure 7. Time series of evapotranspiration in YRB ((a): annual; (b): spring; (c): summer; (d): autumn; (e): winter; units: mm; R2: coefficient of determination; p: p-value). 
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Figure 8. Spatial distribution of evapotranspiration in YRB ((a): annual; (b): spring; (c): summer; (d): autumn; (e) winter; units: mm). 
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Figure 9. Average water vapor transport flux in YRB ((a): annual; (b): spring; (c): summer; (d): autumn; (e) winter; units: kg/(m·s)). 
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Figure 10. Temporal variation of annual and seasonal water vapor budget in YRB ((a): annual; (b): spring; (c): summer; (d): autumn; (e) winter; units: 106 kg/s; R2: coefficient of determination; p: p-value). 
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Figure 11. Spatial distribution of P (a–e), Po (f–j), and Pw (k–o) in YRB. 
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Figure 12. Same as Figure 11 but for linear trends (mm/10a); black dots indicate significance at the 99% confidence level. 
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Table 1. Changes in total precipitation (P), internal recycling precipitation (Pw), and external cycling precipitation (Po) in YRB during 1979–2020 (mean and cumulative change: mm, variabilities: mm/10a).
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P

	
Pw

	
Po




	

	
Mean

	
Variability

	
Cumulative Change

(ΔP)

	
Mean

	
Variability

	
Cumulative Change (ΔPw)

	
Mean

	
Variability

	
Cumulative Change (ΔPo)






	
Annual

	
1071.5

	
11.9

	
47.4

	
141.6

	
8.2

	
32.7

	
929.9

	
3.7

	
14.7




	
Spring

	
281.1

	
6.1

	
24.2

	
19.2

	
0.6

	
2.4

	
262.0

	
5.5

	
21.9




	
Summer

	
487.7

	
−0.6

	
−2.2

	
100.4

	
6.2

	
24.9

	
387.2

	
−6.8

	
−27.1




	
Autumn

	
213.0

	
3.5

	
13.8

	
19.5

	
1.2

	
4.9

	
193.6

	
2.2

	
8.9




	
Winter

	
88.5

	
−0.3

	
−1.3

	
2.4

	
0.1

	
0.3

	
86.0

	
−0.4

	
−1.6
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