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Abstract

:

Evapotranspiration is an important process in the water budget of an ecosystem. Quantifying the components of evapotranspiration is of great significance in revealing the ecohydrological process of alpine inland river basins. In this study, the evapotranspiration fluxes in the Shaliu River basin were classified by hydrogen and oxygen stable isotope technology and remote sensing technology. The results showed the following: (1) The average value of soil fractional evaporation (E1) in the summer of 2018 and 2019 was 7.59 mm and 2.10 mm, respectively. (2) The average ratio of soil evaporation (Esoil) in the summer of 2018 was 48.82%, 68.11%, 54.99%, respectively. The average ratio of Esoil in the summer of 2019 was 66.86%, 57.50%, 55.53%, respectively. The average value of Esoil in the summer of 2018 and 2019 was 42.84 mm and 35.36 mm, respectively. (3) The average ratio of vegetation transpiration (T) in the summer of 2018 was 51.18%, 31.89%, and 45.01%, respectively. The average ratio of T in the summer of 2019 was 33.14%, 42.50%, and 44.47%, respectively. The average value of T in the summer of 2018 and 2019 was 32.59 mm and 26.23 mm, respectively. Obviously, the soil fractionation was stronger in the summer of 2018 than that in the summer of 2019. At the same time, both soil evaporation and plant transpiration in summer 2018 were higher than those in summer 2019, and soil evaporation in the Shaliu River basin was greater than plant transpiration in summer during the study period. The results of this study can provide data reference for mastering the eco-hydrological process of the Shaliu River basin.
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1. Introduction


Evapotranspiration (ET) plays an important role in the ecological hydrological cycle and is also an important hydrological cycle link [1,2,3]. ET actually consists of two parts: soil evaporation (Esoil) and plant transpiration (T) [4]. Recognizing ET from its components (Esoil and T) is therefore one of the most critical ecohydrological scientific issues and has important implications, not only for understanding the water cycle and ecohydrology processes, but also for improving the accuracy of ecological water consumption [5,6]. It is important to clarify that Esoil and T are of great significance to the regional eco-hydrological process and hydrological cycle process. It is therefore critically important to perform integrative analyses of spatiotemporal variability of ET components and to evaluate the driving factors involved at watershed scale.



The Qinghai-Tibet Plateau(QTP), known as the “Asian Water Tower” and the Earth’s “Third Pole” [7,8,9,10,11], is the main source of great rivers in Asia, and is the main source of an important area for water security in China and even the world. Esoil and T are important links in the hydrological cycle of the QTP and also hotspots in hydrometeorological research on the QTP in recent years. At present, the research on Esoil and T is mainly based on the observation site scale to calculate local evapotranspiration components. For example, Tong et al. [12] used the Yamanaka dual-source model to study the evapotranspiration components of alpine meadows in the Heihe River basin. Han et al. [13] conducted a simulation study of evapotranspiration components based on the Shuttleworth–Wallace model in Xiaobo Lake and the headwater of Shaliu River. Guo et al. [14] conducted a quantitative study on the division of ET in the Magazangbu basin. Although these studies have accurately resolved the evapotranspiration components at each site scale, there are few reports on the changes of evapotranspiration components at the watershed scale. To this end, this study conducted a quantitative study on the division of ET flux in the alpine inland river basin at the basin scale, and provided data reference for revealing the eco-hydrological process of the alpine inland river basin on the QTP.



Hydrogen and oxygen stable isotope technology is a good tracer for the ecological hydrological cycle. It is widely used in the study of hydrological cycle [15,16,17], but the results have been temporal and spatial in regional differences [18,19,20]. This highlights the necessity for further research into Esoil and T in different regions and environments. Furthermore, the processes which lie behind Esoil are complex [14,21], because there are spatiotemporal differences in the isotopic composition of these fluxes. The processes, leading to lighter vapor isotopic composition than the source moisture, are referred to as the fractionated soil evaporation (E1) in this study [14]. If the soil moisture evaporates completely within a certain time interval, the cumulative vapor isotope composition will be the same as the original moisture; this process leading to apparent isotopic non-fractionation is referred to as non-fractionated soil evaporation (E2) [14]. Precise determination of isotopic changes occurring in soil processes is a challenge in most field studies due to the large number of samples required [14,22,23]. In this case, soils are often simply treated as T [24] in water balance assessments at the watershed scale, which makes the division of fractionated and non-fractionated contributions at the watershed scale less accurate, especially in spatial (not quite accurate). The degree of soil fractionation was quantified by calculating the ratio of complete fractionation (E1, which corresponds to complete evaporation from the water surface) and non-fractionation (E2), while E and T were quantified based on the degree of soil fractionation. This study is crucial for clarifying the eco-hydrological processes in the alpine inland river basin of the QTP.



Qinghai Lake, known as “the most beautiful lake in China”, is the largest inland saltwater lake in country and a natural barrier protecting the ecological security of the northeastern QTP [25]. In recent years, due to global climate change, the water cycle in the Qinghai Lake basin [25,26], biodiversity [27], runoff processes [28,29], and water balance [30], have changed. The Shaliu River, known as the Ikulan River, is the second largest river in the Qinghai Lake basin, its length is about 106 km. The area of the Shaliu River basin isonly 1679.2 km2 [31], but its runoff is large [30], the annual runoff accounts for one-fifth of the total runoff in the entire Qinghai Lake Basin, and the flood season is mainly from June to September each year [28]. In addition, the Shaliu River basin is relatively closed and complete, with complete vegetation types, and its hydrological cycle process is very representative, which can basically reflect the hydrological cycle of the entire Qinghai Lake Basin. The above characteristics determine that the Shaliu River basin is an ideal area to carry out quantitative research on the partitioning of catchment evapotranspiration fluxes at the basin scale. Under the background of global warming, the hydrological cycle process of the Shaliu River basin has changed, which has a certain impact on water resources and the ecological environment [28,29,32]. However, the understanding of the partitioning of catchment evapotranspiration fluxes in the Shaliu River basin is not deep enough.



Located in the northeastern part of the QTP, Qinghai Lake is the largest inland lake in China and an important water body that maintains the ecological security of the northeastern QTP [28,29]. Existing studies have used hydrogen and oxygen stable isotope technology to study atmospheric precipitation, water vapor sources, and runoff processes in the Qinghai Lake basin [28,29,32,33,34]. However, there are few reports on the partitioning of catchment evapotranspiration fluxes using stable isotopes. The Shaliu River basin is relatively closed and complete, with complete vegetation types, and its hydrological cycle process is very representative; for this reason, it was selected as the research area for this study. The monthly hydrogen and oxygen stable isotope data of precipitation was selected as from June to August in 2018 and 2019, using hydrogen and oxygen stable isotope technology and remote sensing technology to study the partitioning of catchment evapotranspiration fluxes of the northeast of the QTP. The purpose is to (1) clarify the partitioning of catchment evapotranspiration fluxes in the Shaliu River basin of the northeast of the QTP, and (2) master the spatiotemporal characteristics of evapotranspiration flux distribution in the basin, (3) calculate E1, E2, Esoil and T values and ratio, and (4) quantify the percentage of composition of ET. The research results can provide data support and theoretical research for the water cycle, hydrological process research, and water resources protection and management in the alpine inland river of the QTP.




2. Materials and Methods


2.1. The Study Area


The area of the Shaliu River basin (37°10′55.92″–37°51′2.16″ N, 99°37′10.20″–100°17′9.96″ E) is 1679.2 km2, located in the north of Qinghai Lake in northeastern QTP (Figure 1). The altitude is between 3036 m and 4696 m [11]. The temperature in the Shaliu River basin has obvious seasonal changes, and the annual range is relatively large. The average temperature in January was −22.1–14.0 °C; the average temperature in July was 10.0–11.5 °C, the annual average temperature was −0.13 °C. The annual precipitation in the basin was between 300 mm and 600 mm, the precipitation was mainly concentrated in May to September. The annual average precipitation was 389.66 mm.




2.2. Sample Collection and Data Determination


The precipitation from June to August from 2018 to 2019 was collected in the Shaliu River basin using anti-evaporation rainwater harvesting devices, and the river water was collected on the spot. The precipitation and river water samples were collected in purified 60 mL high-density polyethylene bottles, sealed with Parafilm film, and brought back to the laboratory for refrigerated storage. The hydrogen and oxygen stable isotopic compositions (δ18O and δD) in the precipitation samples were tested with LGR’s IWA-35EP (model: 912-0026-0001, Mountain View, CA, USA) liquid water isotope analyzer. The test was completed at the Key Laboratory of Natural Geography and Environmental Processes of Qinghai Province. The test result is expressed in thousand points relative to the Vienna Standard Mean Seawater (V-SMOW), and the calculation formula is as follows [35]:


  δ =  (     R  s a m p l e      R  s t a n d a r d     − 1  )  × 1000 ‰  



(1)




where, Rsample measures the molar ratio of D/H or 18O/16O in the sample water, Rstandard is the molar ratio of D/H or 18O/16O in the standard sample.




2.3. Evapotranspiration Fluxes Model


Based on the water balance and isotope mass balance equations in the basin, fractionated evapotranspiration (E1) and unfractionated evapotranspiration (E2 + T) were calculated in the Shaliu River basin. The calculation formula is as follows [14]:


  P = Q +  E 1  +  E 2  + T  



(2)






  P *  δ P  = Q *  δ Q  +  E 1  *  δ E  +  (   E 2  + T  )   δ T   



(3)




where P is precipitation (mm), Q is runoff (mm), E1 is the fully evaporated part of soil evaporation (mm), E2 is the incomplete evaporation part of soil evaporation (mm), and T is plant transpiration (mm). δP and δQ are the isotopic values in the weighted precipitation and the isotopic values in the weighted river runoff, respectively. δT is the incompletely evaporated isotope value, which is equal to δP. δE is the isotope value of completely evaporated water vapor, calculated using the Craig–Gordon model. The calculation formula is as follows [14]:


   δ E  =    δ L  − R H ×  δ A  −  (   ε k  + ε  )    1 − R H    



(4)




where δL and δE are the isotopic values of liquid and gaseous water, respectively. RH is the relative humidity,  ε s the liquid–gas equilibrium evaporation coefficient.



α is the equilibrium fractionation factor, calculated by the following formula [14]:


    10  3  ln  α    2  H   = 24.844  (      10  6     T 2     )  − 76.248  (      10  3     T 2     )  + 52.612  



(5)






    10  3  ln  α     18   O   = 1.137  (      10  6     T 2     )  − 0.4356  (      10  3     T 2     )  + 2.0667  



(6)







In Formulas (5) and (6), T is temperature in K.



The water balance and isotope mass balance equations are transformed, and the Esoil:T equation is established by combining vegetation cover data and evapotranspiration data. The conversion formula of the water balance equation and the isotope mass balance equation is as follows [14]:


  P = Q +  E  s o i l   + T  



(7)






  P *  δ P  = Q *  δ Q  +  [  β  % *   δ E   + ( 1  − β  % ) *   δ T   ]  *  E  s o i l   + T *  δ T   



(8)







The vegetation coverage was calculated by the following formula [14]:


  V F C = ( N D V I − N D V  I  s o i l   ) / ( N D V  I  v e g   − N D V  I  s o i l   )  



(9)




where, NDVIsoil is equal to the minimum value of NDVI, and NDVIveg is the maximum value of NDVI. In this study, the value of cumulant less than 5% is selected as NDVIveg, and the value of cumulant greater than 95% is NDVIsoil.



Using the values of vegetation coverage area (Sveg, km2) and bare soil area (Ssoil, km2), the ratio of Esoil:T can be estimated using formulas [14]:


   E  s o i l   : T = (  S  s o i l   +  S  v e g   * c ) /  [   S  v e g   * ( 1 − c ) * M  ]   



(10)




where, Esoil:T is the actual ratio of soil evaporation to plant transpiration. Ssoil and Sveg represent bare soil area and vegetation coverage area (km2); c is the grassland Esoil coefficient. M is the 100% VFC and 0% VFC ET ratio of a grid.




2.4. Data Sources and Processing


The ET dataset comes from NASA (https://nasa.gov/, accessed on 23 July 2021), and the resolution of the data was 500 m × 500 m. Using ArcGIS10.3 software (Redlands, CA, USA) to preprocess the dataset, first remove invalid values, then calculate monthly evapotranspiration in the Salius River Basin from June to August in 2018 and 2019. To explore the relationship between temperature, precipitation and evapotranspiration components, the monthly temperature and precipitation data come from the National Earth Science Data Center in China (http://www.geodata.cn/, accessed on 25 July 2021), and the resolution of the data was 1 km × 1 km. Using arcGIS10.3 software to preprocess the dataset, first remove invalid values, cut them to the study area, and finally use the latitude and longitude coordinates of the sampling point to extract the temperature and precipitation values. To accurately calculate δE, this research required accurate relative humidity data. Relative humidity data was from the National Meteorological Data Center (http://data.cma.cn/, accessed on 18 October 2021). The relative humidity of 17 meteorological stations near the Shaliu River basin was used for spatial interpolation. In the summer of 2018 and 2019, the average errors of spatial interpolation accuracy in the Shaliu River Basin were 0.02 and 0.07, respectively, and the interpolation accuracy met the research needs.





3. Results


3.1. Partition of E1 and (E2 + T) from Total ET


In June to August 2018, in terms of monthly variations, E1 in the Shaliu River basin was 0.32 mm to 7.67 mm, 0.95 mm to 10.55 mm, and 3.71 mm to 22.77 mm, respectively. The average value of E1 was 4.75 mm, 4.31 mm, and 13.11 mm, respectively (Figure 2a). The variation of the average E1 value in the summer of 2018 showed a trend of first decreasing and then increasing. The maximum average E1 value was in August and the minimum value in July (Figure 2a). In terms of spatial variation, the high-value areas of E1 were mainly distributed in the southern part of the basin, indicating that the E1 evaporative fractionation was stronger in the southern part of the basin (Figure 3a–c). In June to August 2019, E1 in the Shaliu River basin was 0.29 mm to 4.19 mm, 1.14 mm to 4.49 mm, 0.06 mm to 3.45 mm, respectively. The average value of E1 was 2.38 mm, 2.77 mm, 1.21 mm, respectively (Figure 2a). The variation of the average E1 value in the summer of 2019 showed a trend of first increasing and then decreasing. The maximum average E1 value was in July and the minimum value was in August (Figure 2a). In terms of spatial variation, the high-value areas of E1 were mainly distributed in the northwest and northeast part of the basin, indicating that the E1 evaporative fractionation was stronger in that part of the basin (Figure 3d–f). There were certain differences in the monthly and spatial changes of E1 in the Shaliu River basin in the summer of 2019, indicating that the E1 in the basin has obvious regional differences.



In terms of monthly variations, E2 + T, in June to August 2018 in the Shaliu River basin was 42.63 mm to 56.79 mm, 37.27 mm to 72.17 mm, and 76.73 mm to 108.08 mm, respectively. The average value of E2 + T was 51.99 mm, 57.10 mm, and 92.47 mm, respectively (Figure 2b). The variation of the average E2 + T value in the summer of 2018 showed an increasing trend. The maximum average E2 + T value was in August and the minimum value was in June (Figure 2b). In terms of spatial variation, the high-value areas of E2 + T were mainly distributed in the northern part of the basin, indicating that the E2 + T was stronger in the northern part of the basin (Figure 4a–c). In June to August 2019, E2 + T in the Shaliu River basin was 54.58 mm to 67.85 mm, 53.97 mm to 68.55 mm, and 51.57 mm to 62.05 mm, respectively. The average value of E2 + T was 61.02 mm, 60.32 mm, and 57.32 mm, respectively (Figure 2b). The variation of the average E2 + T value in the summer of 2019 showed a decreasing trend. The maximum average E2 + T value was in June and the minimum value was in August (Figure 2b). In terms of spatial variation, the high-value areas of E2 + T were mainly distributed in the central part of the basin, indicating that the E2 + T was stronger in that part of the basin (Figure 4d–f). There were certain differences in the monthly and spatial variations of E2 + T in the Shaliu River basin in the summer of 2019.




3.2. Partition of E1 from Esoil and T


In terms of monthly variations, Esoil in June to August 2018 in the Shaliu River basin was 25.87 mm to 31.38 mm, 31.79 mm to 50.25 mm, and 54.43 mm to 62.23 mm, respectively. The average value of Esoil was 28.58 mm, 41.76 mm, 57.99 mm, respectively (Figure 5a). The variation of the average Esoil value in the summer of 2018 showed an increasing trend. The maximum average Esoil value was in August and the minimum value was in June (Figure 5a). In terms of spatial variation, the high-value areas of Esoil were mainly distributed in the northern part of the basin, indicating that the Esoil was stronger in the northern part of the basin (Figure 6a–c). In June to August 2019, Esoil in the Shaliu River basin was 37.26 mm to 44.42 mm, 30.36 mm to 37.67 mm, and 29.63 mm to 33.49 mm, respectively. The average value of Esoil was 41.09 mm, 33.87 mm, and 31.45 mm, respectively (Figure 5a). The variation of the average Esoil value in the summer of 2019 showed a decreasing trend. The maximum average Esoil value was in June and the minimum value was in August (Figure 5a). In terms of spatial variation, the high-value areas of Esoil were mainly distributed in the central and northern part of the basin, indicating that the Esoil was stronger in that part of the basin (Figure 6d–f). There were certain differences in the monthly and spatial variations of Esoil in the Shaliu River basin in the summer of 2019, indicating that the Esoil in the basin has regional differences.



In terms of monthly variations, T, in June to August 2018 in the Shaliu River basin, was 24.43 mm to 31.89 mm, 16.03 mm to 22.87 mm, and 39.41 mm to 55.36 mm, respectively. The average value of T was 28.16 mm, 19.66 mm, and 47.60 mm, respectively (Figure 5b). The variation of the average T value in the summer of 2018 showed a trend of first decreasing and then increasing. The maximum average T value was in August and the minimum value was in July (Figure 5b). In terms of spatial variation, the high-value areas of T were mainly distributed in the northern and central part of the basin, indicating that T was stronger in that part of the basin (Figure 7a–c). In June to August 2019, T in the Shaliu River basin was 20.03 mm to 23.98 mm, 25.18 mm to 33.28 mm, and 25.18 mm to 29.54 mm, respectively. The average value of T was 22.31 mm, 29.22 mm, and 27.08 mm, respectively (Figure 5b). The variation of the average T value in the summer of 2019 showed a trend of first increasing and then decreasing. The maximum average T value was in July and the minimum value was in June (Figure 5b). In terms of spatial variation, the high-value areas of T were mainly distributed in the central and northern part of the basin, indicating that T was stronger in the that part of the basin (Figure 7d–f). There were certain differences in the monthly and spatial variations of T in the Shaliu River basin in the summer of 2019.



In terms of monthly variations, the proportion soil fractionation in soil evaporation, (E1:Esoil), in June to August 2018 in the Shaliu River basin was 0.86% to 29.64%, 1.89% to 33.19%, and 5.97% to 40.75%, respectively. The average ratio of E1:Esoil was 16.70%, 11.01%, and 22.90%, respectively (Figure 5c). The variation of the average E1:Esoil ratio in the summer of 2018 showed a trend of first decreasing and then increasing. The maximum average E1:Esoil ratio was in August and the minimum value was in July (Figure 5c). In terms of spatial variation, the high- ratio areas of E1:Esoil were mainly distributed in the southern part of the basin (Figure 8a–c). In June to August 2019, E1:Esoil in the Shaliu River basin was 0.72% to 9.81%, 3.13% to 14.01%, and 0.18% to 11.57%, respectively. The average ratio of E1:Esoil was 5.82%, 8.26%, and 3.87%, respectively (Figure 5c). The variation of the average E1:Esoil ratio in the summer of 2019 showed a trend of first increasing and then decreasing. The maximum average E1:Esoil ratio was in July and the minimum ratio was in August (Figure 5a). In terms of spatial variation, the high-ratio areas of E1:Esoil were mainly distributed in the northwestern part of the basin (Figure 8d–f). There were certain differences in the monthly and spatial variations of E1:Esoil in the Shaliu River basin in the summer of 2019, indicating that the E1:Esoil in the basin has regional differences.




3.3. Partition of Each ET Component


In terms of monthly variations, the ratio of E1 in June to August 2018 in the Shaliu River basin was 0.36% to 12.34%, 1.34% to 22.72%, and 3.32% to 22.87%, respectively. The average ratio of E1 was 6.83%, 7.72%, and 12.57%, respectively (Figure 9a). The variation of the average E1 ratio in the summer of 2018 showed a trend of first decreasing and then increasing. The maximum average E1 ratio was in August and the minimum value was in July (Figure 9a). In terms of spatial variation, the high-value areas of E1 ratio were mainly distributed in the southern part of the basin (Figure 10a–c). In June to August 2019, E1 ratio in the Shaliu River basin was 0.72% to 9.81%, 3.13% to 14.01%, and 0.17% to 11.57%, respectively. The average ratio of E1 was 5.82%, 8.26%, and 3.87%, respectively (Figure 9a). The variation of the average E1 value in the summer of 2019 showed a trend of increasing. The maximum average E1 value was in August and the minimum value was in June (Figure 9a). In terms of spatial variation, the high-ratio areas of E1 were mainly distributed in the northwestern and northeastern part of the basin (Figure 10d–f). There were certain differences in the monthly and spatial variations of E1 in the Shaliu River basin in the summer of 2019, indicating that the E1 in the basin has regional differences.



In terms of monthly variations, the ratio of E2 in June to August 2018 in the Shaliu River basin was 36.19% to 50.87%, 44.41% to 67.42%, and 32.81% to 52.35%, respectively. The average ratio of E2 was 41.98%, 60.38%, and 42.41%, respectively (Figure 9b). The variation of the average E2 ratio in the summer of 2018 showed a trend of first increasing and then decreasing. The maximum average E2 ratio was in July and the minimum value was in June (Figure 9b). In terms of spatial variation, the high-value areas of E2 were mainly distributed in the northern part of the basin (Figure 11a–c). In June to August 2019, E2 ratio in the Shaliu River basin was 58.06% to 64.15%, 45.93% to 52.92%, and 47.89% to 54.27%, respectively. The average ratio of E2 was 61.04%, 49.24%, and 51.66%, respectively (Figure 9b). The variation of the average E2 value in the summer of 2019 showed a trend of first decreasing and then increasing. The maximum average E2 ratio was in June and the minimum value was in July (Figure 9b). In terms of spatial variation, the high-ratio areas of E2 were mainly distributed in the northern and central part of the basin (Figure 11d–f). There were certain differences in the monthly and spatial variations of E2 ratio in the Shaliu River basin in the summer of 2019, indicating that the E2 ratio in the basin has regional differences.



In terms of monthly variations, the ratio of T in June to August 2018 in the Shaliu River basin was 48.77% to 52.79%, 29.51% to 37.28%, and 40.88% to 48.61%, respectively. The average ratio of T was 51.18%, 31.89%, and 45.01%, respectively (Figure 9c). The variation of the average T ratio in the summer of 2018 showed a trend of first decreasing and then increasing. The maximum average T ratio was in August and the minimum ratio was in July (Figure 9c). In terms of spatial variation, the high-ratio areas of T were mainly distributed in the northern and central part of the basin (Figure 12a–c). In June to August 2019, T ratio in the Shaliu River basin was 31.54% to 35.34%, 38.71% to 45.89%, and 40.05% to 47.23%, respectively. The average ratio of T was 33.14%, 42.5%, and 44.47%, respectively (Figure 9b). The variation of the average T ratio in the summer of 2019 showed a trend of first increasing and then decreasing. The maximum average T ratio was in July and the minimum value was in June (Figure 9b). In terms of spatial variation, the high- ratio areas of T were mainly distributed in the northern and central part of the basin (Figure 12d–f). There were certain differences in the monthly and spatial variations of T in the Shaliu River basin in the summer of 2019, indicating that the T ratio in the basin has regional differences.





4. Discussion


4.1. Comparison with Related Research Results


The average ratio of E1 in summer 2018 and 2019 in the Shaliu River basin was 9.04% and 5.98%, respectively. The average value of E2 + T in summer 2018 and 2019 in the Shaliu River basin was 90.96% and 94.02%, respectively. The average value of E2 in summer 2018 and 2019 in the Shaliu River basin was 48.26% and 53.98%, respectively. The calculation results of this study are close to the results of the Nagqu River study [24], but different from those of the Lhasa River and Magazangbu areas [14,36]. This is because the soil fractionation of the Lhasa River is affected by human activities, and the valley is the main cultivated land. The difference from the soil fractionation in Magazangbu area is because the overall altitude of this area is higher than that of the Shaliu River basin, the surface temperature is lower, and the soil type and surface cover are relatively simple, so the soil fractionation intensity is weaker than that of the Shaliu River basin.



The average ratio of Esoil in summer 2018 and 2019 in the Shaliu River basin was 57.30% and 59.96%, respectively. The average ratio of T in summer 2018 and 2019 in the Shaliu River basin was 42.7% and 40.04%, respectively. Han et al. [13] studied the average values of vegetation transpiration and soil evaporation in the source region of the Shaliu River, which were 27.37% and 72.63%, respectively. Hu et al. [37] studied alpine meadow vegetation transpiration and soil evaporation averaged ratio was 44% and 56%, respectively. Tong et al. [12] showed that the proportion of T in the alpine meadow in the Heihe River basin was about 53%. Therefore, for the entire Shaliu River basin, the average ratio of T in 2018 and 2019 in the Shaliu River basin was 42.69% and 40.03%, respectively, which was basically consistent with the results of Hu’s study. In addition, the previous studies were mostly based on models to estimate vegetation transpiration at the site scale, and there were certain uncertainties. The important thing was that previous studies are based on the calculation results of the observation site scale, and have not been extended to the watershed scale, because there will be regional differences in the watershed scale. Hydrogen and oxygen stable isotopes and remote sensing technology provided a new method for accurately calculating vegetation transpiration and soil evaporation in the entire Shaliu River basin.




4.2. Effects of Climatic Factors on Evapotranspiration Flux Components


Climate is an important factor affecting soil evaporation and vegetation transpiration [3,14,28,29]. For soil fractionation in the Shaliu River basin, there was no significant correlation with air temperature and precipitation. E2 + T have extremely significant correlations with precipitation, indicating that incomplete soil evaporation mainly comes from precipitation storage (Table 1). Soil evaporation and plant transpiration were significantly correlated with precipitation, indicating that precipitation was the main water supply source for soil evaporation and plant transpiration (Table 1). Obviously, precipitation is the main climatic factor affecting the delineation of evapotranspiration flux in the Shaliu River Basin of Qinghai Lake. Since the summer precipitation in 2018 (about 400 mm) was significantly more than that in the summer of 2019 (about 300 mm) in the Shaliu River basin; this has caused both soil evaporation and vegetation transpiration in the basin in summer 2019 to be smaller than those in 2018.



Air temperature is one of the factors affecting evaporative fractionation [3,14,28,29]. In 2018 and 2019, there was no significant correlation between soil evaporative fractionation and air temperature in the Shaliu River Basin, indicating that the effect of soil evaporative fractionation was not affected by local air temperature (Table 2). This was because the monthly variation of temperature in the Shaliu River basin is smaller, and there is no obvious trend of significant increase in temperature. Moreover, there are great regional differences affected by altitude and topography, so only soil evaporation and vegetation transpiration in June and July 2019 were affected by temperature (Table 2). This is because the temperature in the summer of 2019 showed a significant upward trend, which affected soil evaporation and vegetation transpiration.



The results from the distribution of evapotranspiration in the basin affected by climate showed that temperature and precipitation were not the main factors affecting soil fractionation, but precipitation was the main factor affecting soil evaporation and vegetation transpiration.




4.3. Deficiency and Uncertainty Analysis of Research


This study conducted a quantitative study on the division of evapotranspiration flux in the Shaliu River Basin of Qinghai Lake, clarified the soil fractionation ratio, temporal and spatial variation characteristics of soil transpiration and vegetation evaporation in the Shaliu River Basin of Qinghai Lake, and revealed its main climate influencing factors. However, the cost and workload of direct observation and verification in this research work are relatively large. The research was mainly compared with the research results in nearby areas. The results showed that the calculation results of this research have high reliability. However, in future research work, research needs to adjust the calculation parameters to make the calculation results more accurate. In addition, due to the limitation of sample collection work and time conditions, future research needs to study the interannual variation of evapotranspiration flux at the basin scale. Its driving mechanism and change mechanism need to be revealed. Of course, there are many factors that affect soil fractionation, soil evaporation, and plant transpiration. This study focuses on the impact of climatic factors on them and draws good conclusions. However, more factors need to be considered, such as soil temperature humidity, vegetation cover, net radiation factor, potential evapotranspiration, etc. The study need to further explore the impact of internal and external factors on soil evaporation and vegetation transpiration in the basin scale, reveal the proportion of their contribution, and provide a theoretical basis for a more in-depth understanding of the ecological and hydrological processes of the Shaliu River basin in the future.





5. Conclusions


In this study, the delineation of summer evapotranspiration flux in the Shaliu River Basin of Qinghai Lake was studied using hydrogen and oxygen stable isotope technology and remote sensing technology, and the following conclusions were drawn.



	(1)

	
The average ratio of E1 in the summer of 2018 and 2019 in the Shaliu River basin was 9.04% and 5.98%, respectively. The average E1 of the watershed in the summer of 2018 and 2019 was 7.59 mm and 2.10 mm, respectively. The soil fractionation was stronger in the summer of 2018 than that in the summer of 2019.




	(2)

	
The average soil transpiration and vegetation transpiration in the summer of 2018 were 42.84 mm and 32.59 mm, the average soil transpiration and vegetation transpiration in the summer of 2019 were 35.36 mm and 26.23 mm. Therefore, both soil evaporation and plant transpiration in summer 2018 were higher than those in summer 2019, and soil evaporation was greater than plant transpiration in summer during the study period in the Shaliu River basin.




	(3)

	
Precipitation is the main climatic factor affecting the delineation of evapotranspiration flux in the Shaliu River basin of Qinghai Lake.







This study quantified soil evaporation and vegetation transpiration in the Shaliu River basin in summer, mastered the temporal and spatial variation characteristics of soil evaporation and vegetation transpiration in the basin, and revealed that precipitation is the main factor affecting soil evaporation and vegetation transpiration. The research results can provide a reference for in-depth understanding of the ecological and hydrological processes of alpine inland river basins.
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Figure 1. Location of the study area and water sampling sites. 
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Figure 2. Temporal variation in soil fractionation values (E1) (a) and incomplete evaporation values (E2 + T) (b) in the summer of 2018 and 2019. 






Figure 2. Temporal variation in soil fractionation values (E1) (a) and incomplete evaporation values (E2 + T) (b) in the summer of 2018 and 2019.



[image: Water 14 00790 g002]







[image: Water 14 00790 g003 550] 





Figure 3. Spatial variation of soil fractionation (E1) values in summer 2018 (a–c) and 2019 (d–f). 
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Figure 4. Spatial variation of soil fractionation values (E2 + T) in summer 2018 (a–c) and 2019 (d–f). 






Figure 4. Spatial variation of soil fractionation values (E2 + T) in summer 2018 (a–c) and 2019 (d–f).



[image: Water 14 00790 g004]







[image: Water 14 00790 g005 550] 





Figure 5. Temporal changes in soil evaporation (Esoil) (a) and plant transpiration (T) (b) values and the proportion soil fractionation in soil evaporation (E1:Esoil) (c) in summers of 2018 and 2019. 
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Figure 6. Spatial variation of soil evaporation value (Esoil) in summer 2018 (a–c) and 2019 (d–f). 
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Figure 7. Spatial variation of plant transpiration (T) value in summer 2018 (a–c) and 2019 (d–f). 
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Figure 8. Spatial variation of the proportion of soil fractionation in soil evaporation (E1:Esoil) in summer 2018 (a–c) and 2019 (d–f). 
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Figure 9. Temporal variation in soil fractionation ratio (E1) (a), soil non-evaporated ratio (E2) (b) and plant transpiration ratio (T) (c) in summer of 2018 and 2019. 
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Figure 10. Spatial variation of soil fractionation ratio (E1) in summer 2018 (a–c) and 2019 (d–f). 
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Figure 11. Spatial variation of soil non-evaporated ratio (E2) in summer 2018 (a–c) and 2019 (d–f). 
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Figure 12. Spatial variation of plant transpiration ratio (T) in summer 2018 (a–c) and 2019 (d–f). 
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Table 1. Correlation between precipitation and evapotranspiration flux components.
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Time

	
2018

	
2019




	
Componentsof ET

	
June P

	
July P

	
August P

	
June P

	
July P

	
August P






	
E1 (mm)

	
−0.01

	
−0.2

	
−0.34

	
−0.01

	
−0.03

	
−0.13




	
E2 + T (mm)

	
0.66 **

	
0.92 **

	
0.77 **

	
0.86 **

	
0.95 **

	
0.88 **




	
Esoil (mm)

	
0.94 **

	
0.96 **

	
0.89 **

	
0.99 **

	
0.88 **

	
0.74 **




	
T (mm)

	
0.92 **

	
0.74 **

	
0.82 **

	
0.97 **

	
0.81 **

	
0.80 **




	
E1/Esoil (%)

	
0.03

	
−0.36

	
−0.33

	
−0.03

	
−0.11

	
−0.15




	
E1 (%)

	
0.03

	
−0.34

	
0.42 *

	
−0.03

	
−0.11

	
−0.15




	
E2 (%)

	
0.01

	
0.51 *

	
0.12

	
0.02

	
0.12

	
0.05




	
T (%)

	
0.02

	
−0.13

	
0.45 *

	
0.06

	
0.02

	
0.2








Note: E1 (mm) represents soil fractionation value, E2 + T (mm) represents incomplete evaporation value, Esoil (mm) represents soil evaporation value, T (mm) represents vegetation evaporation value, E1/Esoil represents the proportion of soil fractionation in soil evaporation, E1 (%) represents soil fractionation ratio, E2 (%) represents soil unfractionation ratio, T (%) represents vegetation evaporation ratio. * represents significant correlation, ** represents extremely significant correlation.
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Table 2. Correlation between temperature and evapotranspiration flux components.
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Time

	
2018

	
2019




	
Componentsof ET

	
June T

	
July T

	
August T

	
June T

	
July T

	
August T






	
E1 (mm)

	
0.31

	
−0.01

	
−0.04

	
−0.04

	
0.01

	
−0.01




	
E2 + T (mm)

	
0.02

	
0.01

	
−0.01

	
−0.38

	
−0.82 **

	
0.03




	
Esoil (mm)

	
0.02

	
0.01

	
0.1

	
−0.54 *

	
−0.75 **

	
0.01




	
T (mm)

	
0.07

	
0.01

	
−0.38

	
−0.64 **

	
−0.78 **

	
0.02




	
E1/Esoil (%)

	
0.28

	
0.01

	
−0.05

	
−0.01

	
0.06

	
−0.01




	
E1 (%)

	
0.28

	
0.01

	
0.02

	
−0.01

	
0.06

	
−0.01




	
E2 (%)

	
−0.32

	
0.01

	
0.18

	
0.04

	
−0.05

	
−0.01




	
T (%)

	
0.31

	
0.01

	
0.55 *

	
0.01

	
0.02

	
0.02








Note: E1 (mm) represents soil fractionation value, E2 + T (mm) represents incomplete evaporation value, Esoil (mm) represents soil evaporation value, T (mm) represents vegetation evaporation value, E1/Esoil represents the proportion of soil fractionation in soil evaporation, E1 (%) represents soil fractionation ratio, E2 (%) represents soil unfractionation ratio, T (%) represents vegetation evaporation ratio. * represents significant correlation, ** represents extremely significant correlation.
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