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Abstract

:

Evapotranspiration (ET) plays an important role in the hydrological cycle of river basins. Studying ET in the Yellow River Basin (YRB) is greatly significant for the scientific management of water resources. Here, we made full use of the advantages of the Gravity Recovery and Climate Experiment (GRACE) and GRACE Follow-On (GRACE-FO) gravity satellites for monitoring large-scale hydrological changes to calculate the terrestrial water storage anomaly (TWSA) and terrestrial water flux in the YRB from May 2002 to June 2020. Furthermore, combined with terrestrial water flux, precipitation, and runoff data, ET in the YRB was calculated based on the water budget equation and then compared with other traditional ET products. The mutation of annual mean ET was identified by the Mann–Kendall trend test method, and the seasonal and interannual variations of ET were explored. ET was closely related to precipitation. Annual mean ET exhibited a sudden change in 2011, with an insignificant downward trend from 2003 to 2010, followed by an increasing trend from 2011 to 2019, particularly after 2016. Compared with the traditional ET monitoring methods and products, the ET estimated by GRACE/GRACE-FO observations provides a new way to effectively obtain continuous and reliable ET data in a wide range of river basins.
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1. Introduction


Evapotranspiration (ET) includes evaporation from soil and water surfaces and plant transpiration, among others [1]. It is an important part of ecosystems and is a dominant component of the global water and energy cycle [2]. ET has important value when applied to the rational distribution of water resources and drought monitoring [3,4]. Because ET is one of the most important components of the climate system—connecting the water, energy, and carbon cycles—ET changes can be used as an indicator of climate change, especially in areas where the water cycle is accelerated. In recent decades, ET has often been used to evaluate the changes in regional drought characteristics [5,6]. The Yellow River Basin (YRB) is a major river basin in China that is the most seriously affected by drought [7]. Therefore, studying ET has important theoretical and practical significance for understanding the hydrological cycle in the YRB.



The YRB is located between 32–42° N and 96–119° E. The full length of the river basin is 5464 km, and the area is approximately 795,000     km  2   . The terrain of the YRB gradually decreases from west to east [8]. Figure 1, in which the main stream of the Yellow River and the Lijin hydrological station are marked, shows the boundary of the YRB.



Using different techniques and methods, several studies have estimated ET in different scales and regions around the world, such as Illinois [9], the whole territory of United States [10], the Amazon Basin [11], the extended Salado Basin [12], the Colorado River Basin [13], the Haihe River basin [14,15], the Ganga River basin [16], the North China Plain [17], and even at the global scale [18,19,20,21,22,23,24].



For the YRB, researchers also have used different methods and data to study the characteristics of ET in the YRB. The daily ET changes of the YRB was from 0 to 5 mm and it changes with the latitude and topography [25]. The spatial distribution of ET presented a spatial pattern similar to that of precipitation, and a significant decreasing trend was detected in the YRB from 1961 to 2006 [26]. The variation in the precipitation amount might largely affect the spatial and temporal patterns of the actual ET in the YRB [8]. Potential ET showed a significant decreasing trend, but the increasing and decreasing trends were different in different areas of the YRB from 1961 to 2012 [27]. Five ET products in the YRB from 1982 to 2000 obviously exhibit different performances, in terms of either their magnitude or temporal variations, which are mainly due to the quality of precipitation forcing data [28]. The ET in the YRB from 2003 to 2015 based on an operational simplified surface energy balance model and other 8 ET products could explain 23–52% of the variability in the water balance ET for 14 small catchments in the YRB, and the free global ET product derived from the simplified surface energy balance model highly underestimated the annual total ET trend for the YRB [29]. The main factors affecting pan evaporation (1961–2019) in the YRB were daily range of average annual temperature, sunshine duration, annual precipitation, and relative humidity based on observation data from meteorological stations [30].



However, at present, the above-mentioned studies on the ET of the YRB have mainly focused on obtaining the ET data of the YRB using different models based on observation data or using models for the evaporating dish at ground meteorological stations, including surface energy balance system (SEBS) model, two parameter steady-state model, and variable infiltration capacity (VIC) model. The long-term trend in variations in ET in the YRB and related factors affecting this were obtained. The ET data calculated by these models were further compared with those obtained from various other ET products. From the long-term time series, these studies all show that the ET of the YRB is on a downward trend, but the actual ET and evaporating dish evaporation showed a consistent trend in humid areas; however, the actual ET increased, and the evaporating dish evaporation decreased in arid and semi-arid areas in China [31]. In addition, the ground monitoring stations can provide ET observations at each site [32], but the sites are often too sparse for basin-scale studies. The considerable advantages of the GRACE gravity satellites at detecting long-term hydrological change information over large scales [33]—particularly the successful launch and application of the subsequent GRACE Follow-On (GRACE-FO) satellites—provide an important means for the continued use of gravity satellites to measure large-scale changes in regional land water storage [34]. Taking into account the unique nature of GRACE observations, Rodell et al. firstly proposed an equation to estimate ET by using observed data [5]. Compared with the traditional land surface models, the new method [5] was further demonstrated to be well applied to the estimation of ET and water modeling on regional scales, and may help in evaluating modeled ET [35].



GRACE data and other measured data also have been combined to generate estimates of actual ET based on the water budget equation in many regions [36,37,38,39,40,41], such as the Lake Chad Basin [42] and West Xiliao River Basin [6].



Therefore, in this study, we combined GRACE/GRACE-FO RL06 Mascon, precipitation, and runoff data to calculate the long-term time series of ET in the YRB from May 2002 to June 2020 based on the water budget equation, and further compared it with four other ET products: Global Land Data Assimilation Systems (GLDAS), Global Land Evaporation Amsterdam Model (GLEAM), European Centre for Medium-Range Weather Forecasts Reanalysis 5 (ERA5), and Complementary Relationship (CR). The comparison results verified the reliability of combining GRACE gravity satellites and measured data to obtain the actual ET characteristics in the YRB and evaluated the applicability of different ET products. This study provides an effective way to obtain continuous ET data for a wide range of river basins.




2. Data


2.1. GRACE and GRACE-FO Data


We calculated the terrestrial water storage anomaly (TWSA) and terrestrial water flux in the YRB based on GRACE and GRACE-FO RL06 Mascon data (https://grace.jpl.nasa.gov/data/get-data/jpl_global_mascons/, accessed on 12 April 2021), and combined this with the water budget equation to evaluate ET characteristics. GRACE RL06 Mascon data with a spatial resolution of 0.5° for the period April 2002–June 2017 were selected. Some missing data were filled using cubic spline interpolation. GRACE-FO RL06 Mascon data with a spatial resolution of 0.5° for the period October 2018–July 2020 were selected. In addition, the discontinuous data between GRACE and GRACE-FO (June 2017–October 2018) were supplemented by a dataset of land water reserve changes that was reconstructed based on precipitation in China, as released by Zhong et al. [34]. This dataset included GRACE/GRACE-FO RL06 Mascon data released by the Center for Space Research (CSR), real-time analysis system data of daily grid precipitation in China, CN05.1 temperature data, and other datasets. As the dataset was established using a precipitation reconstruction model and considering factors such as seasonal items in the Mascon product and trend items, the quality of the data is generally high [34].




2.2. Precipitation and Runoff Data


The precipitation data used in this study were obtained from the China Meteorological Administration website (http://data.cma.cn/, accessed on 17 November 2020). Monthly data for China’s surface precipitation grid dataset product (V2.0) with a spatial resolution of 0.5° for the period January 2000–July 2020 were selected. The Lijin hydrological station is the last hydrological station before the main stream of the Yellow River flows into the Bohai Sea; therefore, the runoff data from this station were selected to represent the net outflow runoff of the YRB. The runoff data were obtained from the Yellow River Sediment Bulletin (http://www.yrcc.gov.cn/zwzc/gzgb/gb/nsgb/, accessed on 13 October 2021). As the runoff data from the Lijin hydrometric station represented the net outflow runoff of the YRB, this study used monthly runoff data from this station from January 2000 to July 2020.




2.3. ET Products


2.3.1. GLDAS Products


The GLDAS product was jointly established by NASA’s Goddard Space Flight Center and the National Center for Environmental Prediction (NCEP). The product was obtained using a land surface model and data assimilation technology driven by satellite and ground observation data [43]. For this study, GLDAS-NOAH-2.1 data with a spatial resolution of 0.25° from April 2002 to May 2020 were selected (https://hydro1.gesdisc.eosdis.nasa.gov/data/GLDAS/, accessed on 23 July 2021).




2.3.2. GLEAM Products


The GLEAM surface ET product was jointly established by the Free University of Amsterdam in the Netherlands and the National University of Ghent, Belgium. The product used three different types of underlying surfaces: bare soil, high vegetation, and low vegetation. The actual ET of the product was obtained by multiplying the optical depth of the vegetation and the moisture of the soil root system to establish an evaporation forcing factor [44]. In this study, GLEAM v3.5a data with a spatial resolution of 0.25° for the period April 2002–December 2020 were selected (http://www.gleam.eu, accessed on 25 December 2021).




2.3.3. ERA5 Reanalysis Products


The ERA5 reanalysis product was the fifth-generation reanalysis data of the European Centre for Medium-Range Weather Forecasts (ECMWF). The product adopted the 4D data assimilation technology of the ECMWF comprehensive forecasting system, with 137 isobaric surface data with an interval of 0.01 hPa in the vertical direction [45]. In this study, the monthly mean ET data for the surface layer with a spatial resolution of 0.25° for the period April 2002–December 2020 were selected (https://www.ecmwf.int/en/forecasts/datasets/reanalysis-datasets/era5, accessed on 18 October 2021).




2.3.4. CR Products


The CR ET product was established using the complementary ET method. The input data of the product included computational magneto-fluid dynamics (CMFD) downward shortwave radiation, downward longwave radiation, air temperature, and air pressure, as well as Global Land Surface Satellite (GLASS) surface emissivity and albedo, ERA5-land surface temperature and air humidity, and National Centers for Environmental Prediction (NCEP) scattered emissivity [46,47]. These products were available for the period 1982–2017. Therefore, in this study, monthly data with a spatial resolution of 0.1° for the period 2002–2017 were selected (http://data.tpdc.ac.cn/en/data/b6d9f525-5b76-48b0-82db-bb2963465cac/, accessed on 1 July 2021).






3. Methods


3.1. Water Budget Equation


For a closed watershed system, the actual ET in the watershed can be calculated based on the water budget equation using the land water storage change value estimated by the GRACE satellites, combined with hydrometeorological data, such as precipitation and runoff. The actual ET can be calculated as follows [42,48,49]:


  E T = P − R −   d s   d t    



(1)






    d s   d t   ≈   T W S A  (  t + 1  )  − T W S A  (  t − 1  )    2 Δ t    



(2)




where ET is the actual ET of the river basin (mm); P is the monthly precipitation (mm); R is the monthly runoff depth (mm); ds/dt is the change in terrestrial water storage for a specific time period; Δt is the time resolution of the GRACE/GRACE-FO; TWSA(t + 1) and TWSA(t − 1) are the terrestrial water storage anomalies corresponding to the river basin in the (t + 1) month and (t − 1) month, respectively. It should be noted that the rigorous form of Equation (2) was proposed by Rodell et al. [5]. The Equation (2) used in this study is a linearly approximation to the water mass variations for month t [42], which is corresponding to monthly accumulated precipitation and runoff data.




3.2. Mann–Kendall (MK) Trend Test Method


In this study, the trend change of actual ET in the YRB was revealed using the Mann–Kendall (MK) trend test method [50,51,52]. This method has the advantage of not requiring data to follow a normal distribution and is not affected by a few outliers; however, it does require sequences to be random and independent, with the same probability distribution, and can relatively objectively determine the trend of long-term series data and test mutation points [53]. Therefore, this method has been widely used in trend testing and mutation analysis of precipitation, temperature, and ET [54,55,56,57].



For the time series x with n samples, the order column    S k    can be calculated as follows:


   S k  =   ∑   i = 1  k   r i  ,       k = 2 ,   3 , ⋯ , n ,  



(3)




where    r i    is as follows:


   r i  =  {      + 1     x i  >  x j        + 0     x i  ≤  x j             j = 1 ,   2 , ⋯ , i .  



(4)







The order column    S k    is the cumulative value of the number of values at time i that are greater than that at time j. The statistic   U  F k    can be defined under the condition of random independence of the time series, as follows:


  U  F k  =    [   S k  − E  (   S k   )   ]      v a r  (   S k   )           k = 1 , 2 , ⋯ , n ,    



(5)




where   U  F 1  = 0 , E  (   S k   )    and   v a r  (   S k   )    are the mean and variance of the    S k   , respectively.



When the    x 1  ,  x 2  , ⋯ ,  x n    are independent and have the same continuous distribution,   E  (   S k   )    and   v a r  (   S k   )    can be calculated as follows:


   {      E  (   S k   )  =   k  (  k − 1  )   4        v a r  (   S k   )  =   k  (  k − 1  )   (  2 k + 5  )    72               k = 2 , 3 , ⋯ , n ,  



(6)




where   U  F k    is the standard normal distribution that can be calculated according to the time series order    x 1  ,  x 2  , ⋯ ,  x n   . Then, the above process was repeated in the reverse order of time series    x n  ,  x  n − 1   , ⋯ ,  x 1   , and we made   U  B k  = − U  F k   (  k = n , n − 1 , ⋯ , 1  )  ,   U  B 1  = 0  . Given the significance level  α , for example   α = 0.05  , the critical value    u  0.05   = ± 1.96  , the   U  F k    and   U  B k    statistics curves, and   ± 1.96   straight lines can be drawn on the same graph. This study used the significance level   α = 0.05   to detect the annual ET trend.



The principle of time series change trend and mutation point test are as follows [58,59]. If the   U  F k    changes within the range of the critical value, the change trend and mutation are not significant. If the   U  F k    value is >0, the sequence shows an upward trend; otherwise, it shows a downward trend. When the   U  F k    value exceeds the critical line, it indicates a significant upward or downward trend. If the   U  F k    and the   U  B k    curves intersect within the critical line, the time corresponding to the intersection is the time at which the mutation begins.





4. Results and Analysis


4.1. TWSA, Precipitation, and Runoff Characteristics in the YRB


The TWSA of the YRB for the period May 2002–June 2020 can be calculated based on GRACE and GRACE-FO RL06 Mascon data [60] (Figure 2). Monitoring results from GRACE and GRACE-FO showed that the TWSA presented characteristics of significant interannual variation. The terrestrial water flux for the period May 2002–June 2020 could be further calculated according to Equation (2). A comparison of the TWSA and terrestrial water fluxes is shown in Figure 2. The monthly runoff depth data of the YRB were obtained by dividing the runoff at the Lijin hydrological station by the area of the YRB. A comparison of the net outflow runoff and monthly runoff depth data is shown in Figure 3.



The TWSA of the YRB showed a continuous decline, at a rate of 6.47 mm/month from May 2002 to June 2020 (Figure 2), which may be related to the reduction in groundwater in the North China Plain in the middle and lower reaches of the river basin, because the TWSA of the river basin will certainly be affected by the strong changes around it, particularly in large-scale regions [61]. Precipitation and runoff in the YRB exhibited significant seasonal changes from April 2002 to July 2020 (Figure 3). Based on the change in monthly precipitation and runoff and considering that the precipitation data and runoff data of the station are normally maintained, the uncertainty of precipitation and measured runoff is usually estimated as 10% and 5%, respectively [5,15]. The mean annual precipitation of the YRB from 2003 to 2019 was up to 490.29 ± 49.0 mm, and the interannual change in precipitation was low. The mean annual runoff depth of the YRB from 2003 to 2019 was 23.93 ± 1.2 mm. Overall, the runoff of the YRB increased with an increase in precipitation. For example, the precipitation of the YRB reached a multi-year maximum in 2013. The rapid increase in precipitation led to a significant increase in runoff during the same period, and the increase in precipitation in 2018 also caused a significant increase in runoff during the same period (Figure 3).




4.2. Comparison of ET Estimated by GRACE/GRACE-FO with ET from Other Products


To obtain the time series characteristics of the actual ET estimated by GRACE/GRACE-FO and the other four ET products, the ET of the YRB from May 2002 to June 2020 was calculated based on the water budget equation combined with terrestrial water flux, precipitation, and runoff data. This is because in Equation (1), the monthly precipitation (P), monthly runoff depth (R), and ds/dt are observed independently of each other. Assuming that they are normally distributed, the ET error can be calculated based on the error propagation law [6,62]. The error estimate of terrestrial water storage changes is twice the root of the error estimation of TWSA [6,62]. The error estimation of TWSA can be obtained from the JPL Mason data. The ET and its uncertainty, estimated by GRACE/GRACE-FO, are shown in Figure 4. The GRACE/GRACE-FO ET, hereafter, will be referred to as GRACE ET. A comparison of the five ET time series in the YRB is shown in Figure 5.



From the overall trend of the five ET time series shown in Figure 5, the variation trend of ET estimated by GRACE/GRACE-FO is in good agreement with that of the other four ET products, showing obvious seasonal variation characteristics.



The five ET time series were highly consistent in the low-value area (0–60 mm), as shown in Figure 5. In the high-value area (>60 mm), the GLDAS, CR, and ERA5 ET products were basically consistent with the ET estimated by GRACE/GRACE-FO. For the period 2003–2019, the multi-year mean of ET estimated by GRACE/GRACE-FO was 469.05 ± 28.05 mm, whereas the multi-year mean values of GLDAS, GLEAM, and ERA5 were 448.78 ± 16.56 mm, 425.54 ± 16.41 mm, and 500.41 ± 22.85 mm, respectively. The annual cumulative ET of GLEAM was approximately 43.5 mm lower than the results estimated by GRACE/GRACE-FO. This indicates that the ET products of GLEAM underestimate the actual ET of the YRB.



To clearly obtain the characteristics of the different numerical intervals between the ET estimated by GRACE/GRACE-FO and the other four ET products, the scatter points and a fitting diagram for the comparisons are given in Figure 6.



As shown in Figure 6, the estimated ET based on the water budget equation (GRACE ET) and the other four ET products (GLDAS ET, ERA5 ET, GLEAM ET, and CR ET) maintained good correlation and consistency from 2003 to 2019. Among them, the highest correlation observed between GRACE ET and GLDAS ET (Figure 6b) (r = 0.90; RMSE = 13.44 mm; relative BIAS = −3.5%) followed by the correlation between GRACE ET and ERA5 ET (Figure 6d) (r = 0.89; RMSE = 14.70 mm; relative BIAS = 8.0%) and the correlation between GRACE ET and GLEAM ET (Figure 6a) (r = 0.87; RMSE = 16.03 mm; relative BIAS = −8.6%). While the relative lower correlation was found between GRACE ET and CR ET (Figure 6c) (r = 0.86; RMSE = 16.74 mm; relative BIAS = −6.9%).



To obtain the relationship between precipitation and ET on a monthly scale and interannually, the monthly mean ET and monthly mean precipitation of the five ET results (Figure 7a), and the annual cumulative ET and annual cumulative precipitation the five ET products (Figure 7b) were calculated.



It can be seen from Figure 7a that the five ET results and precipitation gradually increased from January to July, reached a peak in July, and gradually decreased from July to December. The GLEAM products underestimated ET from July to August, when ET was strong. Figure 7b shows that the annual cumulative ET estimated by GRACE/GRACE-FO was more consistent with the GLDAS and CR ET products from 2003 to 2011, whereas it was more consistent with ERA5 ET products from 2012 to 2019. Annual mean precipitation of the YRB was 490.29 ± 49.03 mm from 2003 to 2019. During this period, the multi-year mean of ET of GRACE/GRACE-FO was 469.05 ± 28.05 mm, and the multi-year mean values of GLDAS, ERA5, and GLEAM were 448.78 ± 16.56 mm, 500.41 ± 22.85 mm, 425.54 ± 16.41 mm, respectively. The estimated annual mean ET of CR was 435.61 ± 17.48 mm from 2003 to 2017.



It can be clearly seen that, the difference between the ET estimated by GRACE/GRACE-FO and the other 4 ET products (GLDAS, ERA5, GLEAM, and CR) and precipitation was no more than 70 mm. Therefore, it can be concluded that ET in the YRB was closely related to precipitation.




4.3. Interannual and Seasonal ET Variations in the YRB


The MK trend test method was used to test the annual cumulative ET estimated by GRACE/GRACE-FO in the YRB from 2003 to 2019, and the mutation point was obtained in approximately 2011 (Figure 8). Therefore, the time series of the annual cumulative ET was divided into two parts, 2003–2010 and 2011–2019, and piecewise linear fitting was carried out (Figure 8). Comparisons of mean annual precipitation and annual cumulative ET of different products in different time periods are summarized in Table 1, where the uncertainty is the standard deviation between the multi-year accumulated ET.



The   U  F k    curve values did not exceed the significance level (  α = 0.05  ) before 2016, indicating that the ET of the YRB showed an insignificant downward trend from 2003 to 2016. As shown in Figure 8, the intersection of curve   U  F k    and curve   U  B k    occurred around 2011, indicating a mutation point in 2011. The corresponding values of the   U  F k    curve exceeded the significant level (  α = 0.05  ) after 2016; i.e., the ET of the YRB increased significantly from 2016 to 2019.



According to the mutation point that appeared in 2011, we further calculated the changes in ET in the YRB during 2003–2010 and 2011–2019. The mean ET of the YRB was 450.26 ± 26.92 mm from 2003 to 2010 (Table 1). The linear regression results showed that the ET presented a downward trend from 2003 to 2010 with a decline rate of 0.76 mm/a (Figure 8); however, it failed to pass the significance level of 0.05, indicating that the ET presented an insignificant linear downward trend from 2003 to 2010. This conclusion is consistent with the ET change trend of the YRB obtained by Tong et al. based on the VIC model [30].



The mean ET of the YRB was 485.75 ± 29.05 mm from 2011 to 2019 (Table 1). The linear regression results showed that the ET increased overall from 2011 to 2019 at a rate of 3.25 mm/a (Figure 9); however, it failed to pass the significance level (0.05) before 2016 and passed after 2016. This indicates that the ET presented an insignificant linear increasing trend from 2011 to 2016 and a significant increasing trend from 2016 to 2019.



It can also be seen from Table 1 that the mean annual precipitation in the YRB in 2003–2010 was less than that in 2011–2019, and the corresponding GRACE/GRACE-FO ET in 2003–2010 was less than that in 2011–2019. The GRACE/GRACE-FO ET, GLDAS ET, and ERA5 ET were approximately equivalent to precipitation, which also indicated that ET in the YRB was closely related to precipitation.



Vegetation cover types vary in different seasons, and ET also presents different characteristics in different seasons [63]. Under climate and vegetation cover change conditions, studying the seasonal variation of ET has important reference value for reasonably adjusting structures of agricultural production and optimizing planting structures. Therefore, it was essential to determine the ET of the YRB during different seasons. Then, the time series of the mean ET of the YRB in spring, summer, autumn, and winter were calculated (Figure 10).



It can be seen from Figure 10 that the ET of the YRB in spring estimated by GRACE/GRACE-FO was between 76.53 mm and 114.25 mm from 2003 to 2019, and that the of multi-year mean ET value was 92.64 mm. The ET of the YRB in summer was between 178.56 mm and 298.20 mm from 2003 to 2019, and the multi-year mean ET value was 230.53 mm. The ET of the YRB in autumn was between 97.51 mm and 167.81 mm from 2003 to 2019, and the multi-year mean ET value was 123.96 mm. The ET of the YRB in winter was between 3.34 mm and 41.95 mm from 2003 to 2019, and the multi-year mean ET value was 21.92 mm.



The multi-year mean ET values in the four seasons of the YRB decreased in the following order: summer > autumn > spring > winter (Figure 10). This is because the low temperature and low precipitation in winter led to the minimum ET. In spring, the temperature and precipitation increased gradually, and the ET of vegetation and the evaporation of soil water were also strengthened, resulting in greater ET in spring than in winter. In summer, the temperature was the highest, precipitation was abundant, and vegetation transpiration and soil water evaporation were the strongest. Therefore, ET was the highest in summer. The decrease in temperature and precipitation in autumn, the reduction in vegetation transpiration, and the weakening of soil water evaporation resulted in lower ET in autumn than in summer.



As can be seen from Figure 10, the change in the ET trend in spring, autumn, and winter of the YRB from 2003 to 2019 was not obvious; furthermore, the change in the ET trend in summer was not obvious before 2015 but showed an increasing trend after 2015, reaching a maximum in summer, 2018.





5. Discussion


5.1. Analysis of the Differences in the ET Estimated by Different ET Products


Differences in the ET estimated by different ET products (Figure 5) might be because there are differences in the data types and methods used for the calculation of different ET products and because these models use different assumptions and structures. In this study, we exclusively used three types of ET products for comparisons with the GRACE ET. One type is the diagnostic model ET product, which is uses remote sensing vegetation information as important input data and is calculated using traditional estimation methods. For this type, GLEAM v3.5a ET products and the Complementary Relationship (CR) ET were used in this study. GLEAM uses a set of algorithms to separately estimate the different components (transpiration, bare-soil evaporation, interception loss, open-water evaporation, and sublimation) of land ET. The Priestley and Taylor equation were used in GLEAM to calculate potential evaporation based on observations of surface net radiation and near-surface air temperature. The rationale of GLEAM is to maximize the recovery of information on evaporation contained in current satellite observations of climatic and environmental variables [62]. CR ET is derived from the CR method, with the spatial coverage being the Chinese land area [46,47]. This ET dataset is only for land surfaces. The estimation model based on the CR principle does not require complex underlying surface data and can estimate the actual ET with high accuracy only with conventional meteorological data.



The second type is the land mode ET product. For this type, the GLDAS-NOAH-2.1 ET product with a spatial resolution of 0.25° was used in this study. The goal of the GLDAS is to generate optimal fields of land surface states and fluxes, by utilizing satellite- and ground-based observational data products, using advanced land surface modeling and data assimilation techniques [5]. GLDAS drives multiple, offline (not coupled to the atmosphere) land surface models, integrates a huge quantity of observation-based data, and executes globally at high resolutions, enabled by the Land Information System (LIS) [64]. The Noah model is one of the four land surface models driven by GLDAS. The GLDAS-2.1 model simulation requires National Oceanic and Atmospheric Administration (NOAA)/Global Data Assimilation System (GDAS) atmospheric analysis fields [65], the disaggregated Global Precipitation Climatology Project (GPCP) precipitation fields [66], as well as the Air Force Weather Agency’s AGRicultural METeorological modeling system (AGRMET) radiation fields.



The third type is the reanalysis ET product. The ERA5 ET reanalysis product was used in this study. ERA5 benefits from a decade of developments in model physics, core dynamics, and data assimilation. ERA 5 contains estimates of atmospheric variables, such as air temperature, pressure, and wind at different altitudes, as well as surface variables, such as precipitation, soil moisture content, and ocean wave heights. The feature of this product is the use of more historical observation data, especially satellite data, with advanced data assimilation and model systems to more accurately estimate atmospheric conditions.



It can be seen from this analysis that the data types, data structures, assumptions, or calculation methods of different ET products are different to a certain extent. For example, the ET products of GLDAS and GLEAM do not consider the input of artificial irrigation water. The CR ET products consider only the actual ET on land and do not include the differences between different ET products caused by the ET from the water surface. Furthermore, even with stringent data quality control and a high-performing model and data assimilation system, different ET products are associated with varying degrees of uncertainty. It should be noted that there are also some connections between the different ET products. For example, both GLDAS ET and ERA5 ET are related to satellite data and assimilate GRACE data. However, quantifying ET remains a challenging task since it is controlled by complicated interactions among atmospheric demand, soil water status, and typically heterogeneous vegetation and soil properties [67].




5.2. Trend in Interannual ET Variations Revealed by the MK Mutation Method in the YRB


The MK test method is a rank-based nonparametric test. Its advantage is that it can test linear or nonlinear trends [68,69] and it is suitable for nonlinear distribution data such as meteorology and hydrology data. The mutation point indicates that the changing trend before and after the time series is different. According to the MK mutation test results, the ET of the YRB mutated in 2011 (Figure 8). The main reasons for this might be as follows.



It can be seen from Figure 7b that the annual cumulative precipitation of the YRB remained at a low level before 2011 and a high level after 2011, which is basically consistent with the variation in the ET in the YRB (Figure 9). Therefore, it can be concluded that the long-term mean change in precipitation before and after 2011 is an important factor for the change in the ET in the YRB. Relevant evidence can be found in some references. For example, Wang et al. analyzed the correlation coefficient between the ET and precipitation calculated by different ET products in the YRB, indicating that the change in the ET is closely related to precipitation [26]. Liu et al. obtained the conclusion that precipitation dominates the change in actual ET in the YRB by analyzing the changing trend of the actual ET and potential ET and precipitation in the YRB [28].



According to the literature, the annual mean temperature in the YRB remained stable before 2011 and increased significantly after 2011 [28]. Therefore, it is inferred that the long-term mean change in temperature is also an important factor for the sudden change in the ET in the YRB around 2011. Similar conclusions can be found in the related references. For example, Edoga et al. analyzed the relationship between temperature and ET in Minna from 1996 to 2006, and found that temperature has an important effect on the ET [70]. Liu et al. analyzed the changing trend of reference ET and surface temperature in Northwest China from 1960 to 2010 and found that surface temperature will have an effect on the reference ET [71].



Another possibly reason for the ET of the YRB mutating in 2011 might be related to the changes of annual vegetation net primary productivity (NPP) and vegetation coverage. The NPP refers to the total amount of organic matter accumulated by green plants through photosynthesis in a unit time and unit area [72]. The long-term changes in annual vegetation NPP and vegetation coverage can reflect climate change to a certain extent. Ji et al. selected a time series of annual vegetation NPP and vegetation coverage from satellite data to analyze the vegetation greening from 2000 to 2019 in the YRB [73]. The results showed that the YRB experienced a rapid increase in temperature and precipitation during this period, and the annual NPP and coverage also showed an obviously increasing trend from 2000 to 2019; in particular, the annual NPP showed a significant oscillating acceleration trend after 2011. The rapid increases in temperature and precipitation allowed vegetation to flourish, as evidenced by significant positive correlations between climate variables and vegetation variables [73]. Therefore, it is inferred that the change in NPP and vegetation coverage might also be a factor underlying the mutated ET of the YRB in 2011.



It should be noted that the runoff of the Lijin hydrological station was used to represent the overall net outflow runoff of the YRB. Moreover, we can see from Figure 1 that the region from the Zhengzhou to Lijin is long and narrow, which could be less than the grid GRACE Mascon solutions and might have led to low accuracy in extracting the regional mean TWSA. However, our study area still retains this narrow area. The main consideration is to better estimate the ET of the entire YRB. It is necessary to select one that can best represent the outbound runoff of the entire YRB, and the Lijin hydrological station is the most representative hydrological station. In addition, this narrow area accounts for a small proportion relative to the entire YRB, which will have little impact on the results.



Additionally, the study area in this manuscript (within the red wireframe in Figure 1) contains a small part of the North China Plain (only part of the Shanxi basin), whereas the main part of the North China Plain is still outside of our study area (outside the red wireframe in Figure 1). In fact, the leakage effect will significantly affect the GWS signal, especially in the North China Plain [33]. In this study, we did not adopt the data outside the red wireframe when calculating the ET in the YRB. Furthermore, the TWSA of the YRB calculated based on the GRACE/GRACE-FO Mason data provided by JPL, which has its own leakage factor correction coefficient in the Shanxi basin.





6. Conclusions


In this study, the TWSA and terrestrial water flux of the YRB were calculated using GRACE and GRACE-FO RL06 Mascon data from April 2002 to July 2020. Combined with precipitation and runoff data, the change in actual ET in the YRB was estimated based on the water budget equation, which was compared with four other ET products. The time series of ET was further tested using the MK trend test method, and the following important results were obtained:




	
The actual ET in the YRB estimated by GRACE/GRACE-FO was in good agreement with the GLDAS, GLEAM, ERA5, and CR ET products. Among them, the GLDAS ET products had the highest consistency with the ET calculated by GRACE/GRACE-FO. The ET estimated by GLEAM in the seasons with low precipitation was in good agreement with the GRACE/GRACE-FO results; however, the difference was relatively large in the seasons with high precipitation.



	
ET in the YRB was closely related to precipitation. ET levels increased from January to July, with the increase in precipitation, and decreased from August to December with the decrease in precipitation. There was little difference between ET and precipitation in the YRB.



	
The annual mean ET of the YRB exhibited a sudden change around 2011; it showed an insignificant downward trend from 2003 to 2010 and an increasing trend from 2011 to 2019, especially after 2016. The multi-year mean ET values in the four seasons in the YRB decreased from summer > autumn > spring > winter.








This study emphasizes the unique ability of gravity satellites (GRACE and GRACE-FO) to monitor TWSA on a large scale. The variation characteristics of the ET in the YRB from 2002 to 2020 were effectively revealed using the GRACE/GRACE-FO data combined with precipitation and runoff data. A comparative analysis with other traditional ET products showed that this study provides a new way to effectively obtain continuous actual ET data in a large-scale river basin.
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Figure 1. Boundary of the Yellow River Basin and the location of important hydrological stations. 
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Figure 2. Time series of terrestrial water flux and terrestrial water storage anomaly in the Yellow River Basin. The light blue and light green shaded parts represent uncertainty for the ds/dt and TWSA, respectively. 
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Figure 3. Time series of monthly precipitation and runoff depth in the Yellow River Basin. 
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Figure 4. The ET and its uncertainty estimated by Gravity Recovery and Climate Experiment (GRACE)/GRACE Follow-On (GRACE/GRACE-FO) based on the water budget equation. Orange shadow represents the uncertainty of the ET. GRACE—Gravity Recovery and Climate Experiment. 
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Figure 5. Comparison of five evapotranspiration (ET) time series in the Yellow River Basin. GLEAM—Global Land Evaporation Amsterdam Model; GLDAS—Global Land Data Assimilation Systems; CR—Complementary Relationship; ERA5—European Centre for Medium-Range Weather Forecasts Reanalysis 5; GRACE—Gravity Recovery and Climate Experiment. 
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Figure 6. Comparison scatter plots among the Gravity Recovery and Climate Experiment (GRACE) evapotranspiration (ET) and other products in the Yellow River Basin. GRACE—Gravity Recovery and Climate Experiment; (a) GLEAM—Global Land Evaporation Amsterdam Model; (b) GLDAS—Global Land Data Assimilation Systems; (c) CR—Complementary Relationship; (d) European Centre for Medium-Range Weather Forecasts Reanalysis 5 (ERA5). 
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Figure 7. (a) Monthly mean and (b) annual cumulative evapotranspiration (ET) and precipitation in the Yellow River Basin. GRACE—Gravity Recovery and Climate Experiment; GLEAM—Global Land Evaporation Amsterdam Model; GLDAS—Global Land Data Assimilation Systems; CR—Complementary Relationship; ERA5—European Centre for Medium-Range Weather Forecasts Reanalysis 5. 
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Figure 8. Mutation points detected by the Mann–Kendall (MK) trend test method. The   U  F k    and   U  B k    are two statistics calculated based on the MK trend test method. 
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Figure 9. Time series of evapotranspiration (ET) calculated by Gravity Recovery and Climate Experiment (GRACE)/GRACE Follow-On (GRACE/GRACE-FO) in the Yellow River Basin from 2003 to 2019. GRACE—Gravity Recovery and Climate Experiment. 
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Figure 10. Time series of evapotranspiration (ET) calculated by Gravity Recovery and Climate Experiment (GRACE)/GRACE Follow-On (GRACE/GRACE-FO) in the Yellow River Basin in different seasons. 
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Table 1. Annual mean precipitation and annual cumulative evapotranspiration (ET) of different products in different periods in the Yellow River Basin (unit: mm). GRACE—Gravity Recovery and Climate Experiment; GLEAM—Global Land Evaporation Amsterdam Model; GLDAS—Global Land Data Assimilation Systems.
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	Time Period
	Annual Precipitation
	GRACE-ET
	GLEAM-ET
	GLDAS-ET
	ERA5-ET





	2003–2010
	  471.42   ±    47.14
	  450.26   ±    26.92
	  422.68   ±    14.26
	  442.09   ±    11.68
	  504.82   ±    24.21



	2011–2019
	  507.07   ±    50.71
	  485.75   ±    29.05
	  428.08   ±    17.73
	  454.73   ±    18.57
	  496.49   ±    22.24



	2003–2019
	  490.29   ±    49.03
	  469.05   ±    28.05
	  425.54   ±    16.41
	  448.78   ±    16.56
	  500.41   ±    22.85
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