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Abstract

:

Water resources and the water cycle in high mountain areas are significantly impacted by climate change. In this study, the midstream section of the Yarlung Tsangpo River basin, situated in the southern part of the Tibetan Plateau, was chosen as the target area, and the Soil Water Assessment Tool (SWAT) was used to assess how climate change may affect hydrological processes. The SWAT model proved effective for runoff and snow cover area simulation. Surface runoff, interflow, and groundwater accounted for 47.2%, 24.4%, and 28.4% of the total runoff, respectively. The spatial distribution of runoff was mainly influenced by precipitation and glacier distribution, whereas the spatial distributions of individual runoff components were mainly influenced by soil properties. Overall, the total runoff as well as its components (surface runoff, interflow, and groundwater) increased at a rate of 0.03–0.83%/10 yr (p > 0.05) in the study area during 1983–2017, which could be attributed to the increase in precipitation. Surface runoff peaked earlier (August) than interflow and groundwater (September), owing to the longer convergence time of interflow and groundwater. Future predictions showed a warming and wetting trend (p < 0.05) in the study area from 2020 to 2100 under the SSP1-2.6, SSP2-4.5, SSP3-7.0, and SSP5-8.5 scenarios. The total runoff was projected to increase at a rate of 0.92–3.56%/10 yr, and the change of total runoff mainly came from the increase of surface runoff.
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1. Introduction


Climate change has a pronounced impact on the water cycle and water resource systems, and the study of the hydrological cycle and its spatial and temporal evolution in a changing environment has consequently received considerable academic attention recently [1,2,3]. With the onset of industrialization, the atmosphere, oceans, and land have experienced warming [4]. The average global temperature during 2010–2019 has risen by 0.9 to 1.2 °C compared to its value in 1850–1900 [5]. Mountain regions are vulnerable to climate change, and they may be more severely affected than nearby lowlands. The distribution of water resources downstream of these vulnerable mountain regions can also be impacted; this aspect has received increasing research attention recently [6,7,8].



The Tibetan Plateau (TP), which is considered to be the water tower of Asia, is one of the areas that is most susceptible to the impacts of climate change [9,10]. The rate of warming in the TP is higher than the average rate of warming in the northern hemisphere and considerably higher than the global average rate of warming [11,12]. Assessments of changes in runoff are currently focused on climate-change impacts and on the contributions of rainfall, snowmelt, and glacier melt [13,14,15,16,17]. Changes in runoff can affect changes in sediment transport and have an impact on water supplies [18,19].



The Yarlung Tsangpo River is the largest river in Tibet [20]. Temperature and precipitation in the Yarlung Tsangpo River basin have demonstrated an increasing trend, and a similar trend has been observed for runoff [21,22,23]. Various models have been used to analyze the hydrological regimes of this river. For example, Gao [24] used the GBHM model to analyze annual runoff depth and annual actual evaporation in the Yarlung Tsangpo River basin. Tang [21] used SWAT to study runoff above Lhaze of the Yarlung Tsangpo River basin and simulated future runoff processes. Zhang et al. [15] used the VIC model to simulate the contribution of rainfall, snowmelt, and glacier melt to the total annual runoff of the Yarlung Tsangpo River basin. To date, there are very few studies on the runoff contribution of surface runoff, interflow, and groundwater to the total annual runoff under climate change in the Yarlung Tsangpo River basin.



SWAT is a model commonly used in runoff studies, and recent research has primarily focused on the applicability of runoff simulations in specific areas, determination of model parameters, and the influence of climate-change and land-use factors on runoff and sediment and on non-point-source nutrient pollution [14,25,26,27,28,29]. However, studies of the Tibetan Plateau using the SWAT model are limited. Dou et al. [30] used SWAT to quantitatively analyze the impact of land-use change on runoff in the Lancang River basin under different scenarios. Zhang et al. [31] used SWAT to study runoff in the source basin of the Yangtze River. Wang et al. [32] used SWAT to study the Three-River-Source region. However, the aforementioned studies have not considered glaciers, owing to limitations in the original SWAT model. Zhou et al. [33] replaced glaciers with thick snow in the WEB-DHM model, and found that the WEB-DHM model could reproduce daily discharge well. Replacing glaciers with thick snow is a useful approach to include glaciers in the original SWAT model.



Global interest in climate change and its effects on runoff in high mountain regions has increased, and this study focused on the midstream section of the Yarlung Tsangpo River basin. The objectives of this study were to: (1) set up the SWAT model to simulate the spatiotemporal characteristics of runoff and its main influencing factors; (2) simulate and study variations in the different components of runoff, i.e., surface runoff, interflow, and groundwater runoff; and (3) assess the impacts of climate change on the hydrological regime.




2. Materials and Methods


2.1. Study Area


The Yarlung Tsangpo River traverses the southern Tibetan Plateau from west to east. The midstream section (27°26′–31°08′ N to 85°12′–94°39′ E) of the Yarlung Tsangpo River basin has a basin area of 143,412 km2 and a mean elevation of 4790 m (Figure 1). There are four gauging stations along the main stream within the study area: the Lhaze, Nugesha, Yangcun, and Nuxia gauging stations, the last of which is the outlet of the midstream section [34].




2.2. Description of SWAT


SWAT is a physically based model that uses daily time steps for simulations. The model can divide a basin into subbasins and then further delineate subbasins into hydrologic response units (HRUs) based on soil type, land use, and slope class. The hydrological processes covered by the model include precipitation, surface runoff, evapotranspiration, soil water, and groundwater [35,36,37].



SWAT calculates surface runoff using two different techniques, namely the SCS curve number procedure and the Green–Ampt method [38,39]. The degree–day method is used to simulate snowmelt processes in SWAT [40]. The SWAT model can define elevation zones, and snow melting and confluence processes in different elevation zones can be simulated separately. SWAT can set elevation zones in each subbasin, obtain the elevation zones in which the glaciers are located as well as the areas of the glaciers in the elevation zones [41], and then set thick snow in the elevation zones corresponding to the elevations at which the glaciers are located [33]. The same degree–day method that is used for snowmelt processes is used for the simulation of glacial runoff.




2.3. Model Setup and Calibration


In this study, a Digital Elevation Model (DEM) and land-use, soil, and weather data were used as the input data (Table 1). First, DEM data (90 m resolution) were used to delineate the midstream section of the Yarlung Tsangpo River basin into 65 subbasins. Second, land-use data was used to classify land use into five types, and the Harmonized World Soil Database (HWSD) was used to obtain soil property data (Figure 1). Unique combinations of land cover, soil type, and slope were designated as separate HRUs, and a total of 2532 HRUs were thus obtained.



Table 2 provides the glacier characteristics of the study area. Glaciers areas occupy 1.8% of the study area. Glacier coverage in the Lhaze to Nugesha, Nugesha to Yangcun, and Yangcun to Nuxia subbasins is 0.84%, 1.6%, and 3.5%, respectively. The DEM map and the second glacial catalog data set of China (v1.0) (http://www.ncdc.ac.cn, accessed on 6 February 2023) were used to obtain the glacier distribution in the study area, the elevations at which the glaciers were located, and the area of the glaciers in each elevation zone [41]; then, thick snow was set in the elevation zones corresponding to the elevation at which the glacier was located [33].



Daily precipitation, air-temperature, wind-speed, and relative-humidity data for 27 weather stations were obtained from the National Meteorological Information Center. Observed runoff data from the Lhaze station were used as the input for the study area. The percentage snow cover area (SCA) in the research area was calculated using snow cover products from the Moderate Resolution Imaging Spectroradiometer (MODIS). The global monthly MOD10CM data from MODIS from 2001 to 2011 were used to evaluate the modeled snow cover fraction. Runoff data from the Nugesha, Yangcun, and Nuxia gauging stations for the years 1980–2017 (three years for warm-up) were used to calibrate and validate the SWAT model. Percent bias (PBIAS), Nash–Sutcliffe efficiency (NSE), and coefficient of determination (R2) were used to evaluate the effectiveness of the model [42,43], as recommended by Moriasi et al. [44].




2.4. Future Climate Scenarios


The Coupled Model Intercomparison Project (CMIP) is a global climate modeling framework. The sixth phase (CMIP6) of this project consists of models that employ advanced parameterization schemes, flux processing schemes, and coupler technology to provide a reliable scientific basis for predicting future climate change worldwide in the context of global climate change. Information on the 22 global climate models (GCMs) used in this study is presented in Table 3. Future climate was simulated under the SSP1-2.6, SSP2-4.5, SSP3-7.0, and SSP5-8.5 scenarios. The spatial resolution of climate-change information offered by GCMs was relatively coarse, which would result in large deviations when conducting climate research on a regional scale. The GCMs should be downscaled to prevent large deviations. Due to its good transferability and efficient computation, the Delta change method is frequently employed [45,46,47,48]. The fundamental principle of the Delta change method requires modifying the observed daily temperature by adding the difference between monthly temperature projected from the GCMs in CMIP6 during the baseline and future periods. Similarly, precipitation for the future period can be obtained by multiplying the observed daily precipitation and the ratio of monthly precipitation predicted by GCMs in CMIP6 in the future period to that in the baseline period [49,50]. The specific equations of the Delta change method are shown in Equations (1) and (2) [51]. In this study, 1983–2017 was chosen as the baseline period, while 2020–2100 was chosen as the future period.


   T  f , d a i l y   =  T  o , d a i l y   +  (     T  f , m o n t h l y    ¯  −    T  p , m o n t h l y    ¯   )   



(1)






   P  f , d a i l y   =   P  o , d a i l y      P  f , m o n t h l y      P  p , m o n t h l y       



(2)




where    T  o , d a i l y     is observed daily temperature,    P  f , d a i l y     is observed daily precipitation,       T  f , m o n t h l y    ¯    is the future-period average monthly temperature of GCMs,    P  f , m o n t h l y     is the future-period average monthly precipitation of GCMs,      T  p , m o n t h l y    ¯    is the historical monthly temperature of GCMs historical, and    P  f , m o n t h l y     is the historical monthly temperature of GCMs historical.





3. Results


3.1. Model Performance


We chose the years 1980–1982 as the warm-up period, 1983–2000 for model calibration, and 2001–2017 for model validation. The simulated monthly data were compared to the observed values at the outlets of the Nugesha, Yangcun, and Nuxia hydrological stations after sensitivity analysis. After calibration, the parameters influencing runoff were determined and are listed in Table 4. The precipitation lapse rate (PLAPS) and temperature lapse rate (TLAPS) were calculated using the precipitation and temperature data of the meteorological stations in the study area. Snowfall temperature (SFTMP) in the study area was set to 0 °C, following Wang [52]. The main parameters in the SWAT model that influence glacier melt and snowmelt are the degree–day factors of glaciers and snow. The maximum (SMFMX) and minimum degree–day factors (SMFMN) during the year for the elevation zone corresponding to the location of glaciers in the Lhaze to Nugesha subbasins were set to 10 mm°C−1 day−1 based on the Yala Glacier [53,54]. SMFMX and SMFMN values during the year for the elevation zones corresponding to the location of glaciers in the Nugesha to Yangcun subbasins were set to 9.2 mm°C−1 day−1 based on the Zhadang Glacier [55]. SMFMX and SMFMN values during the year for the elevation zones corresponding to the location of glaciers in the Yangcun to Nuxia subbasins were set to 6.2 mm°C−1 day−1 based on the Yanlongba Glacier [56]. SMFMX and SMFMN values during the year for snow for the whole basin were set to 5.5 mm°C−1 day−1 [54].



Figure 2 shows a comparison between the snow cover area (SCA) obtained using model simulation and that obtained from remote sensing data at monthly and multi-year monthly average timescales. The model simulation and remote sensing data are in good agreement. R2 values for monthly and multi-year monthly average snow cover fraction are 0.62 and 0.91, respectively. Previous simulations of monthly snow cover fraction in alpine regions yielded R2 values of 0.53–0.78 [41,57]. The simulated and remote sensing data for snow accumulation area during the year followed the same trend as that for SCA. From October to March, due to the low temperature and low precipitation, the SCA was in the range of 15–30%. From April to May, as the temperature rose continuously, the snow melted, causing the SCA to decrease. In July and August, when temperatures were higher, the SCA decreased even further. Although the simulated SCA was in good agreement with MODIS data, some errors were noted, which was also true in previous studies [5,58]. These errors originated for two main reasons. First, MODIS cannot distinguish between glaciers and snow cover, which can cause errors in SCA simulations. MODIS also misidentifies clouds as snow, which makes the SCA higher than the actual SCA during the summer (June–September), as noted by Zhang et al., [59]. Second, the data used to drive the meteorological models, especially precipitation data, possess large uncertainties in the alpine region, which produces uncertainties in model simulations of snow accumulation and the melting process. In turn, these uncertainties produce errors in the simulated SCA, causing differences between the simulated and actual SCA.



Figure 3 shows a comparison of the monthly average runoff at three stations in the study area. The model performance was considered satisfactory if NSE > 0.50, R2 > 0.50, and PBIAS was within ±25% for runoff [44]. The NSE, R2, and PBIAS values for runoff at the Nugesha station for the calibration period were 0.88, 0.91, and 17.7%, respectively, and those for the validation period were 0.85, 0.86, and 8.7%, respectively. The NSE, R2, and PBIAS values for runoff at the Yangcun station for the calibration period were 0.83, 0.88, and 13.6%, respectively, and those for the validation period were 0.86, 0.87, and −1.9%, respectively. The NSE, R2, and PBIAS values for runoff at the Nuxia station for the calibration period were 0.89, 0.92, and 6.1%, respectively, and those for the validation period were 0.92, 0.93, and 3.1%, respectively. These values were within acceptable thresholds.




3.2. Variation of Total Runoff and Its Components


The average annual precipitation, total runoff depth, surface runoff depth, interflow depth, groundwater depth, temperature, and evaporation in the study area simulated using SWAT during 1983–2017 were 575.1 mm, 388.8 mm, 183.5 mm, 96.9 mm, 110.4 mm, 3.2 °C, and 269.1 mm, respectively. Surface runoff, interflow, and groundwater accounted for 47.2%, 24.4%, and 28.4%, respectively, of total runoff. The proportion of groundwater in the runoff of the Yarlung Tsangpo River has been assessed numerous times in previous research, and studies based on isotope and model simulation methods have shown that the proportion of groundwater flow is in the range of 27–40% [52,60,61,62]. In the present study, the proportion of groundwater in the Yarlung Tsangpo River was found to be 28.4%, which was similar to the values obtained in the aforementioned studies. Different studies have yielded considerably varying results in terms of the contribution of surface runoff to total runoff (15.6–40%) [52,63]. Liu [60] found that the recharge of runoff occurred in the upper part of the midstream section of the Yarlung Tsangpo River basin and that recharge occurred in the form of rainfall, glacier melt, and snowmelt. Liu [60] found that the river in the storm area below the Grand Canyon was mainly recharged by rainfall, which tended to form hyperosmotic flows. Therefore, surface runoff should have accounted for a considerable proportion of total runoff. In comparison with the above research results, Wang [52] found that surface runoff accounted for 15.6% of total runoff, which was an underestimated value; furthermore, glaciers were not considered, which would have affected the accuracy of the runoff composition. Although the fraction of surface runoff determined in this study was slightly higher, at 47.6%, it was still comparable to that obtained by Zhao [63], who found that surface runoff accounted for approximately 40% of the total runoff.



The temporal variations in the monthly precipitation, monthly total runoff, and monthly runoff components are presented in Figure 4a. From January to March, precipitation was low (only 3.5% of the annual precipitation); total runoff depth, surface runoff depth, interflow depth, and groundwater depth were also low during this period, with groundwater and interflow being the main runoff components. As precipitation gradually increased from April, the total runoff depth and runoff components increased. Peak precipitation occurred in July, peak total runoff depth and surface runoff depth occurred in August, and peak interflow depth and groundwater depth occurred in September, because the convergence of the interflow and groundwater took a long time, resulting in the delay in the peak of the interflow and groundwater.



The temporal variations in the monthly temperature and monthly evaporation are presented in Figure 4b. Temperature gradually increased from January and peaked in July, after which it gradually decreased. The monthly variation in evaporation was influenced by temperature and precipitation. As the temperature rose, evaporation increased from January to July and peaked in August. Although temperature and precipitation were highest in July, evaporation peaked in August, likely because evaporation mainly originated from vegetation and soil moisture, and evaporation from soil was influenced by soil moisture; the peak of soil moisture lagged behind the peak of precipitation and temperature, thus causing evaporation to peak in August.



The temporal variations in the annual precipitation, annual total runoff, and annual runoff components are presented in Figure 5a. Annual precipitation showed an increasing trend at the rate of 0.19%/10 yr (p > 0.05), and annual total runoff depth showed an increasing trend at the rate of 0.16%/10 yr (p > 0.05). Annual surface runoff depth showed an increasing trend at the rate of 0.03%/10 yr, (p > 0.05), annual interflow depth showed an increasing trend at the rate of 0.83%/10 yr (p > 0.05), and annual groundwater depth showed an increasing trend at the rate of 0.52%/10 yr (p > 0.05). Figure 5b shows the temporal variations in annual temperature and evaporation. The annual temperature showed an increasing trend at the rate of 0.54 °C/10 yr (p < 0.05), and the annual evaporation showed an increasing trend at the rate of 5.63%/10 yr (p < 0.05). This also indicated that the total runoff as well as the runoff components in the study area showed an increasing annual trend that was mainly influenced by precipitation. Evaporation was significantly positively correlated with both temperature and precipitation (p < 0.05), because evaporation from the watershed was controlled by both atmospheric moisture supply to the land surface and energy supply conditions [64,65,66,67].



Part of the precipitation in this study area forms runoff and part of it evaporates. Understanding the spatial distribution of precipitation and evaporation in the study area during certain representative years can help further analyze the spatial distribution characteristics and patterns of runoff. Using the runoff frequency at the Nuxia hydrological station, the study period was classified into five types of representative years according to the national standard (GB/T50098-98), namely, especially high flow years (flow curve frequency p ≤ 12.5%), high flow years (flow curve frequency 12.5% < p ≤ 37.5%), normal flow years (flow curve frequency 37.5% < p ≤ 62.5%), low flow years (flow curve frequency 62.5% < p ≤ 87.5%), and especially low flow years (flow curve frequency p > 87.5%). Supplementary Table S1 shows the corresponding years for different categories of runoff. The spatial distribution characteristics of precipitation, evaporation, and runoff were the results of the multi-year average of the corresponding years for the five categories of runoff.



Supplementary Figure S1 shows the spatial distribution of precipitation in the five types of representative years, with the Yarlung Tsangpo River Grand Canyon as the largest water channel transporting gradually less water vapor from east to west in the especially high flow years, high flow years, normal flow years, low flow years, and especially low flow years, resulting in considerable differences in precipitation between representative years [5,60]. The differences in the spatial distribution of evaporation between different representative years were relatively small (Supplementary Figure S2), but overall, evaporation was higher in years with more precipitation during the especially high flow years. Areas with higher evaporation were concentrated in the regions near Xigaze and Lhasa, and evaporation in other areas was relatively small. This was because the temperature in the areas near Xigaze and Lhasa was relatively high [23], which led to greater evaporation.



Total runoff depth in the study area demonstrated a gradually increasing trend from west to east, which was similar to the spatial distribution of precipitation (Figure 6). However, there were some areas in which the spatial distribution of runoff depth differed from that of precipitation, mainly because of the influence of glacier distribution (Figure 6). The spatial distribution of glaciers in the western reaches of the Lhasa River, upper reaches of the Nianchu River, middle reaches of the Dogxung Zangbo River, and upper reaches of the Niyang River coincided with that of high runoff depths because of the influence of glacier distribution. Glaciers have considerable contribution to runoff [54], and total runoff depth in areas with glaciers within the study area was more than 200 mm, even in the low flow years and especially low flow years. In general, runoff depth is mainly related to precipitation and glacier distribution.



Figure 7 shows the spatial distribution of the runoff component. The spatial distribution of surface runoff, interflow, and groundwater in the area near Damxung was similar, and the proportion of surface runoff was basically around 50% in five representative years. The soil-type map of the study area (Figure 1) indicates that Gelic Leptosols, which have low permeability, are widespread in the area near Dangxiong, so precipitation does not readily infiltrate the soil to form interflow and groundwater; rather, it easily collects on the surface to form surface runoff. Even in especially low flow years when precipitation is relatively low, a large amount of precipitation still collects on the surface because of the low permeability.



The spatial distribution of surface runoff, interflow, and groundwater in the areas near Lhaze, Nyrmo, Nugesha, and Yangcun during wet years differed based on the amount of precipitation received. Precipitation gradually decreased from especially high flow years to especially low flow years, and most of the precipitation in these regions infiltrated the soil to form interflow, but the proportion of groundwater did not change much in different representative years. This was because Mollic Leptosols and Rendzic Leptosols were widely distributed in the areas near Lhaze, Nyrmo, Nugesha, and Yangcun, and these two types of soil had high infiltration coefficients, which facilitated the infiltration of precipitation and was conducive to the formation of interflow in these areas.



During years with high precipitation, when the precipitation rate was higher than the infiltration rate, infiltration excess runoff was generated, and when the rainfall rate was lower than the infiltration rate, saturation excess runoff was still dominant. Although the Mollic Leptosols and the Rendzic Leptosols in the areas near Lhaze, Nyrmo, Nugesha, and Yangcun were widely distributed, the proportions of Mollic Leptosols soil and Rendzic Leptosols soil in the areas near Lhaze, Nyrmo, and Yangcun were relatively higher than those in the area near Nugesha. The precipitation rate in the areas near Lhaze, Nyrmo, and Yangcun was lower than the infiltration rate during especially high flow years, and the flow generation mainly occurred via saturation excess runoff, so the proportion of interflow in these areas was about 50% even in especially high flow years. In contrast, the area near Nugesha had infiltration excess runoff when the precipitation rate was higher than the infiltration rate in the especially high flow years, which meant that the surface runoff accounted for about 50% of total runoff in the areas near Nugesha during especially high flow years.




3.3. Future Climate Analysis


Monthly precipitation in the study area from 2020 to 2100 under the SSP1-2.6, SSP2-4.5, SSP3-7.0, and SSP5-8.5 scenarios is shown in Supplementary Figure S3a; precipitation is mainly concentrated during May–September. Precipitation during May–September under these four scenarios accounted for 83.6%, 83.6%, 83.9%, and 84.0% of the annual precipitation, respectively. The monthly variation in precipitation during the future period (2020–2100) compared with the baseline period (1983–2017) under the four scenarios is shown in Supplementary Figure S3b; precipitation increases throughout the year, but the increase is greater during May–September.



Monthly temperature of the study area from 2020 to 2100 under different scenarios is shown in Supplementary Figure S4a. Temperature in the future period under the four scenarios gradually increased from January and peaked in July, followed by a gradual decrease. Monthly temperature was highest under the SSP5-8.5 scenario, and this was followed in decreasing order by SSP3-7.0, SSP2-4.5, and SSP1-2.6. Monthly variations in temperature during the future period (2020–2100) under the four scenarios relative to the baseline period (1983–2017) is shown in Supplementary Figure S4b; a trend of increase in temperature throughout the year is observed under all four scenarios.



The annual trends in precipitation and temperature in the study area under the four scenarios from 2020 to 2100 are shown in Supplementary Figure S5. The climate of the study area generally showed a warming and humidifying trend under the four scenarios, which was consistent with the conclusion that the climate in the Yarlung Tsangpo River basin would experience warming and humidifying [4,5,12,21]. The precipitation in the study area showed a significant increase (p < 0.05) under all four scenarios. The highest rate of increase in precipitation was observed under the SSP5-8.5 scenario (2.74%/10 yr), and this was followed in decreasing order by the SSP3-7.0 (1.81%/10 yr), SSP2-4.5 (0.93%/10 yr), and SSP1-2.6 (0.71%/10 yr) scenarios.



The temperature in the study area also showed an increasing trend under the four scenarios. The highest rate of increase in temperature was observed under the SSP5-8.5 scenario (0.709 °C/10 yr), and this was followed in decreasing order by SSP3-7.0 (0.541 °C/10 yr), SSP2-4.5 (0.293 °C/10 yr), and SSP1-2.6 (0.097 °C/10 yr) scenarios, respectively. Compared with the baseline period (1983–2017), precipitation during the future period (2020–2100) in the study area would increase by 7.39%, 9.84%, 14.43%, and 22.66% for the four scenarios, respectively, whereas temperature would increase by 0.99 °C, 2.40 °C, 4.44 °C, and 5.62 °C, respectively. These findings are in good agreement with those of previous studies on future climate change in the Tibetan Plateau or the Yarlung Tsangpo River basin [5,68,69].




3.4. Variation in Runoff under Future Climate Change


Monthly surface runoff depth, interflow depth, groundwater depth, and total runoff depth of the study area from 2020 to 2100 are shown in Figure 8. Surface runoff was mainly concentrated during May–September, and accounted for 96.8%, 96.4%, 95.5%, and 94.9% of the annual surface runoff under the four scenarios, respectively. Generally, surface runoff was higher in scenarios with more precipitation, because higher precipitation was more likely to generate infiltration excess runoff, thus resulting in higher surface runoff. However, the highest surface runoff depth occurred in May under the SSP1-2.6 scenario with the least precipitation. In this study, the soil thawing area was defined as the area in which the soil temperature (the temperature at the center of the first soil layer) was greater than 0 °C. The proportion of the soil thawing area in May was 88.1%, 90.4%, 93.2%, and 96.2% under the four scenarios, respectively, in the study area. Previous studies have shown that soil freezing and thawing can affect hydrological processes [70,71,72]; when the soil freezes, the permeability of the soil is poor, which may result in the formation of a regional water barrier or weakly permeable layer, and this water barrier in turn increases the runoff in the watershed [73,74,75]. The proportion of soil thawing area in May was the lowest under the SSP1-2.6 scenario, resulting in a relatively high prevalence of permafrost in the study area under this scenario; this resulted in the highest surface runoff production under the SSP1-2.6 scenario.



Monthly interflow depth was consistent in different scenarios and exhibited obvious seasonal differences. Interflow was mainly concentrated during May to September, and surface runoff during these months accounted for 70.0%, 69.3%, 68.6%, and 67.9% of the annual surface runoff under the four scenarios, respectively. Except for August and September, interflow was usually higher in the future scenarios with higher precipitation, because interflow formation increased when saturation excess runoff was produced under higher precipitation. However, interflow in August and September under the SSP1-2.6 scenario (minimum precipitation) was the highest among the four scenarios; this was probably because the temperature in August and September under the SSP1-2.6 scenario was the lowest among the four scenarios, so the soil water loss by evaporation was the lowest in August and September, and the interflow depth was consequently the highest among the four scenarios.



Monthly groundwater depth showed obvious seasonal differences, and groundwater was mainly concentrated during May to September, accounting for 63.6%, 63.0%, 62.3%, and 61.4% of the annual groundwater depth under the four scenarios, respectively. Total runoff was mainly concentrated during May–September, with the four scenarios accounting for 81.2%, 80.4%, 79.6%, and 78.9% of the annual runoff during May to September, respectively. Precipitation under the SSP1-2.6 scenario in May was the lowest among the four scenarios, but the total runoff depth in May under this scenario was the highest. This difference could potentially be attributed to the effect of temperature on the soil freeze–thaw process.



The monthly variation in the surface runoff depth and total runoff depth during the future period (2020–2100) relative to the baseline period (1983–2017) under the four scenarios is shown in Figure 8e and Figure 8h, respectively. In general, monthly surface runoff and total runoff showed an increasing pattern under each scenario, and the increase was relatively high in July and August, probably because the increase in precipitation was greatest in these two months. Monthly interflow and groundwater showed an increasing pattern under all scenarios, and the overall trend of interflow and groundwater was relatively consistent. Both interflow depth and groundwater depth showed a relatively greater increase during June to October, but the difference was that the peak of the change in interflow occurred in July, whereas the peak of the change in groundwater occurred in August, probably because the confluence time of groundwater was longer than that of interflow.



The annual trend of the total runoff depth of the study area from 2020 to 2100 is shown in Figure 9a. The annual variation in total runoff depth exhibited an increasing trend (p < 0.05) in the study area under the future scenarios. The highest rate of increase in the total runoff depth was observed under the SSP5-8.5 scenario (3.56%/10 yr), followed in decreasing order by the SSP3-7.0 (2.46%/10 yr), SSP2-4.5 (1.04%/10 yr), and SSP1-2.6 (0.92%/10 yr) scenarios. Compared with the baseline period (1983–2017), total runoff during the future period (2020–2100) in the study area increased by 11.61%, 14.42%, 21.35%, and 32.32% under the four scenarios, respectively. These results were in agreement with those obtained in previous studies, which indicated that future runoff in the Yarlung Tsangpo River basin demonstrated an increasing trend in [5,21,76,77].



The correlation between annual total runoff and precipitation and temperature was analyzed, and a significant positive correlation between total runoff and precipitation and temperature was found under the four scenarios. The correlation coefficients between total runoff and precipitation were 0.964 (p < 0.05), 0.968 (p < 0.05), 0.987 (p < 0.05), and 0.992 (p < 0.05) for the four scenarios, respectively, whereas those between total runoff and temperature were 0.689 (p < 0.05), 0.894 (p < 0.05), 0.953 (p < 0.05), and 0.978 (p < 0.05), respectively. The correlation between total runoff and precipitation was higher than that between total runoff and temperature under all four scenarios, which indicated to some extent that the influence of precipitation on future total runoff was greater than that of temperature, and that precipitation was the dominant factor influencing future runoff in the study area. Simulations based on CMIP5 or CMIP6 data found that monsoon-dominated source basins, including the Yangtze River, Yellow River, Lancang River, Nujiang River, and Brahmaputra source basins will demonstrate an increasing trend in future runoff due to increasing precipitation [5,76,77].



Changes in the contribution rates of surface runoff, interflow, and groundwater to the total runoff of the study area from 2020 to 2100 under the four scenarios are shown in Figure 9b. Changes in the contribution rates of surface runoff to total runoff showed significant (p < 0.05) increasing trends at rates of 0.010%/10 yr, 0.024%/10 yr, 0.029%/10 yr, and 0.036%/10 yr under the four scenarios, respectively. Change in the contribution rates of interflow to total runoff showed significant (p < 0.05) increasing trends at rates of 0.001%/10 yr, 0.010%/10 yr, 0.020%/10 yr, and 0.035%/10 yr under the four scenarios, respectively. Changes in the contribution rates of groundwater to total runoff showed significant (p < 0.05) decreasing trends at rates of −0.002%/10 yr, −0.005%/10 yr, −0.013%/10 yr, and −0.014%/10 yr under the four scenarios, respectively. These results indicated that the future trend in total runoff showed an increase, which was mainly due to the increase in surface runoff.





4. Discussion


4.1. Influences of Climate Change on Runoff Processes


In this study, the runoff trends in the study area were investigated under four future scenarios, and the total runoff in the study area was found to demonstrate a significantly increasing trend under all scenarios, and that changes in precipitation had the most pronounced effect on changes in future runoff in the study area among all climate factors. Tang et al. [21] used the SWAT model to simulate the changes in runoff in the Yarlung Tsangpo River basin above Lhaze for the 2020–2049 period and found that the runoff in this basin will exhibit an increasing trend in the future. Using the VIC–-Glacier model and 10 GCMs from CMIP6, Sun [5] predicted that the total runoff in the Yarlung Tsangpo River basin would show a significant increasing trend during the 2021–2100 period and that the significant increasing trend in total runoff would be attributable to increased precipitation. Lutz et al. [77] and Tang et al. [78] found that monsoon-dominated source basins, including the Yangtze River, Yellow River, Lancang River, Nujiang River, and Brahmaputra source basins would show an upward trend in future runoff due to increasing precipitation. Wang et al. [72] also found that the trend of variation in river runoff in the Tibetan Plateau would mainly be affected by precipitation, followed by glacier melt and snowmelt; in some regions, changes in runoff would also be related to changes in evapotranspiration and soil water storage.



Runoff in the study area will increase in the future, and the continued increase in temperature will also lead to an increase in the rate of melting of glaciers and snow in the study area, which poses new challenges to the sustainable use of water resources and flood control in the study area and in regions farther downstream [79].




4.2. Uncertainties and Prospects


The scarcity of hydro-meteorological observations in the source areas of rivers on the Tibetan Plateau is a major challenge in the study of changes in river runoff and their impacts [78]. For this study, only a few meteorological stations were present in the target area, which will impact the climate and runoff change assessments, as well as the accuracy of runoff simulations. The lack of meteorological stations in the study area, especially along the elevation gradient, needs to be addressed, and runoff observations at the small watershed scale need to be strengthened, so as to lay a more solid foundation for future hydrological and water resource research in the watershed.



The future climate-change data employed in this study were obtained from 22 GCMs in CMIP6, and therefore the GCM prediction results and their downscaling methods are important sources of uncertainty in runoff prediction. Although the climate simulation capability of CMIP6 for the Tibetan Plateau is better than that of the previous generation [61], the prediction results possess large uncertainties in the Tibetan Plateau region due to limitations in the spatial resolution and insufficient consideration of the complex topography of the Tibetan Plateau [68,80]. One of the main goals of future research will be to combine various evaluation techniques with various downscaling techniques to improve the accuracy of climate-change predictions [68].



Permafrost is widespread in the study area, and the impacts of climate change–induced alterations in the permafrost layer on runoff cannot be ignored. The SWAT model deals with permafrost by first calculating the soil temperature through parameters such as air temperature and soil thickness and then correcting the stagnation parameter using an equation when the soil surface layer freezes; this stagnation parameter affects runoff calculations. The SWAT model takes into account the influence of permafrost on the hydrological cycle in its structure and is more applicable to the cold region of northwest China [36], but the consideration of permafrost is relatively simplistic and does not take into account changes in permafrost area.





5. Conclusions


This study used the SWAT model to simulate the effects of climate change on total runoff and runoff components, including surface runoff, interflow, and groundwater, in the midstream section of the Yarlung Tsangpo River basin. The results showed the following: (1) Runoff components contributed to total runoff in the following order: surface runoff (47.2%) > groundwater (24.4%) > interflow (28.4%). (2) Spatial heterogeneity in precipitation, glacier distribution, and soil properties resulted in distinct differences in the spatial distribution of runoff and its components. (3) The peak of surface runoff occurred in August, whereas the peak of interflow and groundwater occurred in September. Moreover, total runoff, surface runoff, interflow, and groundwater all showed increasing trends at rates of 0.16%/10 yr, 0.03%/10 yr, 0.83%/10 yr, and 0.52%/10 yr (p > 0.05), respectively, which was attributed to increasing precipitation. (4) The study area was predicted to undergo wetting and warming in the future under four scenarios. As a result, total runoff depth would increase by 11.61–32.32% during 2020–2100 compared with runoff depth during the baseline period of 1983–2017. (5) Precipitation was the most significant factor influencing changes in runoff. Additionally, changes in the total runoff were mainly affected by changes in surface runoff. (6) Temperature could influence hydrological processes by affecting freeze–thaw processes. Both total runoff and surface runoff in May were highest under the SSP1-2.6 scenario with the least precipitation. This was likely because the temperature was relatively low under the SSP1-2.6 scenario, the soil thawing area was relatively small, and the water-barrier effect of frozen soil reduced its infiltration capacity and aided the formation of surface runoff.



Accurate runoff simulations are strongly dependent on the acquisition of adequate meteorological data. It is hoped that the number of stations along the elevation gradient can be increased in the future, because the number of meteorological stations in the study area will have an impact on the climate and runoff change assessments, as well as on the accuracy of runoff simulations. Although permafrost is considered, the consideration of permafrost is only corrected for retention parameters when the soil surface is frozen by using an equation, and it is hoped that subsequent studies will consider changes in permafrost area as well. This study predicted an increasing trend of runoff for the midstream section of the Yarlung Tsangpo River in the future. The continuous increase in temperature in the future will accelerate the melting of glaciers and snow in the study area, and this trend has implications for the sustainable management of water resources and hydrological disaster warnings in the study area and in regions farther downstream.
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Figure 1. (a) Location; (b) topography, weather stations, and hydrological stations; (c) land-use map; and (d) soil-type map of the midstream section of the Yarlung Tsangpo River. 
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Figure 2. Simulated and observed (MODIS) for (a) monthly and (b) multi-year monthly average snow cover area of the study area during 2001–2017. 
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Figure 3. Comparison between simulated and observed monthly runoff of (a) Nugesha station; (b) Yangcun station; and (c) Nuxia station during calibration and validation periods. 
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Figure 4. Temporal variation in (a) the monthly precipitation and total runoff and runoff component; and (b) temperature and evaporation. 
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Figure 5. Temporal variations in (a) annual precipitation and total runoff and runoff components; and (b) and temperature and evaporation. 
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Figure 6. Spatial variation in total runoff depth in (a) especially high flow years; (b) high flow years; (c) normal flow years; (d) low flow years; and (e) especially high flow years. 
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Figure 7. Spatial distribution of different runoff components in the subbasins. 
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Figure 8. Monthly (a) surface runoff depth; (b) interflow depth; (c) groundwater depth; and (d) total runoff depth for 2020–2100. Monthly (e) surface runoff depth variation; (f) interflow depth variation; (g) groundwater depth variation; and (h) total runoff depth compared to the baseline period of 1983–2017 in the study area under the four scenarios. 
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Figure 9. (a) Annual total runoff depth; and (b) rates of change in the contributions of surface runoff, interflow, and groundwater to total runoff during the 2020–2100 period in the study area under the four scenarios. * represents the significance at 0.05 level. 
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Table 1. Data used and corresponding sources.






Table 1. Data used and corresponding sources.





	
Data Type

	
Name

	
Resolution

	
Source






	
Spatial data

	
DEM

	
90 m

	
https://www.gscloud.cn/sources/accessdata/305?pid=302 (accessed on 1 February 2020)




	
Land use

	
1 km

	
https://www.resdc.cn/DOI/DOI.aspx?DOIID=54 (accessed on 10 February 2020)




	
Soil type

	
1 km

	
https://www.fao.org/soils-portal/soil-survey/soil-maps-and-databases/harmonized-world-soil-database-v12/en/ (accessed on 10 February 2020)




	
Meteorological data

	
Precipitation, temperature, wind

speed, relative humidity

	
Daily

	
https://www.resdc.cn/data.aspx?DATAID=230 (accessed on 20 February 2020)




	
Hydrological data

	
Runoff

	
Monthly

	
Hydrological and Water Resources Survey Bureau of Tibet (Lhaze, Nugesha, Yangcun, Nuxia Hydrological stations)




	
Snow cover

	
MOD10CM

	
Monthly

	
https://search.earthdata.nasa.gov/search/granules?p=C1646609754-NSIDC_ECS&pg (accessed on 20 October 2020)
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Table 2. Glacier characteristics of the study area.
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	Lhaze to Nugesha
	Nugesha to Yangcun
	Yangcun to Nuxia





	Glacier area (km2)
	493.35
	768.24
	1409.13



	Glacier coverage (%)
	0.84
	1.6
	3.5
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Table 3. Basic information of the Earth–climate system models in CMIP6.
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	No.
	Model Name
	Country/Region
	Abbreviation of R&D Organization
	Resolution





	1
	ACCESS-CM2
	Australia
	CSIRO-ARCCSS
	1.25° × 1.875°



	2
	ACCESS-ESM1-5
	Australia
	CSIRO
	1.25° × 1.875°



	3
	AWI-CM-1-1-MR
	Germany
	AWI
	0.93° × 0.94°



	4
	BCC-CSM2-MR
	China
	BCC
	1.12° × 1.12°



	5
	CanESM5-CanOE
	Canada
	CCCMA
	0.9° × 1.25°



	6
	CAMS-CSM1-0
	China
	CAMS
	1.12° × 1.12°



	7
	CESM2
	USA
	NCAR
	0.9° × 1.25°



	8
	CESM2-WACCM
	USA
	NCAR
	0.9° × 1.25°



	9
	CNRM-CM6-1
	France
	CNRM-CERFACS
	1.4° × 1.4°



	10
	FGOALS-f3-L
	China
	CAS
	1° × 1.25°



	11
	FIO-ESM-2-0
	China
	CAS
	0.9424° × 1.25°



	12
	GFDL-ESM4
	USA
	GFDL
	2.0° × 2.5°



	13
	GISS-E2-1-G
	USA
	GISS
	2.0° × 2.5°



	14
	HadGEM3.GC31.LL
	UK
	HC
	1.3° × 1.9°



	15
	HadGEM3.GC31.MM
	UK
	HC
	1.3° × 1.9°



	16
	IPSL.CM6A.LR
	France
	IPSL
	1.9° × 3.8°



	17
	KACE.1.0.G
	Korea
	NIMS-KMA
	1.25° × 1.875°



	18
	MIROC-ES2L
	Japan
	AORI-NIES-JAMATEC
	2.8° × 2.8°



	19
	MPI-ESM1-2-HR
	Germany
	MPI-M
	1.9° × 1.9°



	20
	MRI-ESM2-0
	Japan
	MRI
	0.6° × 0.6°



	21
	NESM3
	China
	NUIST
	1.865° × 1.875°



	22
	NorESM2.LM
	Norway
	NCC
	1.895° × 2.5°
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Table 4. Sensitive parameters for runoff simulation and calibration in SWAT.
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	Sensitive Parameters
	Parameter Definition
	Range
	Calibrated Value





	v_PLAPS.sub
	Precipitation gradient (mm/km)
	−1000–1000
	160



	v_TLAPS.sub
	Temperature lapse rate (°C/km)
	−10–10
	−5.5



	r_CN2.mgt
	SCS runoff curve number
	35–98
	35–85



	v_ESCO.hru
	Soil evaporation compensation factor
	0–1
	0.5



	v_ALPHA_BF.gw
	Baseflow alpha factor (days)
	0–1
	0.7



	r_SOL_K.sol
	Saturated hydraulic conductivity
	0–2000
	1–40



	v_SURLAG.bsn
	Surface runoff lag time
	0.05–24
	11



	v_GW_DELAY.gw
	Groundwater delay (days)
	0–500
	350



	v_SFTMP.bsn
	Snowfall temperature (°C)
	−10–10
	0



	v_SMFMX.bsn
	Maximum degree–day factor for snowmelt during year (mm°C−1 day−1)
	0–10
	5.5



	v_SMFMN.bsn
	Maximum degree–day factor for snowmelt during year (mm°C−1 day−1)
	0–10
	5.5



	v_SMFMX.sub
	Maximum degree–day factor for glacier during year (mm°C−1 day−1)
	0–10
	6.2–10



	v_SMFMN.sub
	Maximum degree–day factor for glacier during year (mm°C−1 day−1)
	0–10
	6.2–10







Note: “v_” indicates a replacement of the original parameter value; “r_” indicates a relative change from the original parameter value; and “a_” indicates an addition of the original parameter value.
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