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Abstract 47 

  The Qinghai-Tibetan Plateau (QTP) is one of the amplifiers of global climate change. 48 

The headwater area of the Yellow River Basin (HYRB) on the QTP is the dominant 49 

water source region for the whole Yellow River Basin (YRB). However, the sensitive 50 

responses of hydrological processes to the intensifying climate change are exerting high 51 

uncertainties to the water cycle in the HYRB. The aim of this study was to investigate 52 

the potential climate change under three Representative Concentration Pathways (RCP 53 

2.6, 4.5, and 8.5) and their hydrological impacts in this region using the ensemble 54 

climate data from eight general circulation models (GCMs) and the Soil and Water 55 

Assessment Tool (SWAT). Compared to the baseline (1976–2015), the projected 56 

climate indicated a rise of 7.3–7.8% in annual precipitation, 1.3–1.9°C in maximum air 57 

temperature, and 1.2–1.8°C in minimum air temperature during the near future period 58 

(2020–2059), and an increment of 9.0–17.9%, 1.5–4.5°C, and 1.3–4.5°C in 59 

precipitation, maximum and minimum temperature, respectively, during the far future 60 

period (2060–2099). The well-simulated SWAT modeling results suggested that due to 61 

a wetter and warmer climate, annual average actual evapotranspiration (AET) would 62 

increase obviously in the future (31.9–35.3% during the near future and 33.5–54.3% 63 

during the far future), which might cause a slight decrease in soil water. Water yield 64 

would decrease by 16.5–20.1% during the near future period, implying a worsening 65 

water crisis in the future. Till the end of this century, driven by the increased 66 

precipitation, water yield would no longer continue to decrease, with a decline by 15–67 

19.5%. Overall, this study can not only provide scientific understanding of the 68 
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hydrological responses to the future climate in both semi-arid and alpine areas, but also 69 

contribute to the decision support for sustainable development of water resources and 70 

protection of eco-environment in the HYRB. 71 

 72 

Keywords: Climate change; Hydrological components; Representative Concentration 73 

Pathways; SWAT 74 

 75 

1 Introduction 76 

Global warming is one of the most important threats to human society. Indeed, it has 77 

already begun to threaten the sustainability of Earth’s life support systems (Lubchenco, 78 

1998). According to Intergovernmental Panel on Climate Change (IPCC) reports, the 79 

global average air temperature has increased by 0.85 °C from 1880 to 2012, and the 80 

situation might get worse as temperature are anticipated to rise by 1–5 °C by the end of 81 

the 21st century (Holden et al., 2018; Lin et al., 2018; Stocker et al., 2013). Recent 82 

studies have pointed out that high-altitude regions, such as the Qinghai-Tibetan Plateau 83 

(QTP), were the amplifier of global climate change (Giorgi et al., 2010; Jian et al., 2014; 84 

Liu and Chen, 2015). Due to the high altitude, low temperature, and slow vegetation 85 

growth, the ecosystems in these regions are fragile and difficult to be repaired once 86 

damaged (Wang et al., 2007). Thus, these regions are experiencing much more changes 87 

and uncertainties caused by the global climate change than other regions. 88 

Global warming could affect the water resources and complicate their assessment 89 

and management (Christensen et al., 2004; Oki and Kanae, 2006; Zhou et al., 2011). 90 

The increase of temperature has made the spatial and temporal variability of 91 
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precipitation increase, which caused more frequent drought and flood events and more 92 

serious economic losses (Piao et al., 2010; Trenberth et al., 2014). Associated with 93 

global warming, the actual evapotranspiration (AET) has also changed significantly 94 

during the past several decades, resulting in the loss of soil water and runoff (Berg et 95 

al., 2017; Donnelly et al., 2017). Coles et al. (2017) assessed trends in climatological 96 

and hydrological variables of hillslopes on Great Plains, and found that snowmelt-97 

runoff and spring soil water content all decreased. In the future, a warming climate 98 

would accelerate multiphase water transformation processes and increase the 99 

uncertainty of water cycle prediction, preventing us from making firm statements 100 

(Meaurio et al., 2017; Wu et al., 2016; Zhang et al., 2016). Liu et al. (2017) examined 101 

the impacts of 1.5 and 2 °C global warming on water cycle and indicated drier springs, 102 

and more severe floods over long return periods (25 and 50 years) for Yiluo and 103 

Beijiang River catchment.Yang et al. (2014) reported that the weakened water vapor 104 

exchange led to less precipitation in the monsoon-impacted southern and eastern 105 

Plateau, but the warming enhanced land evaporation. An in-depth understanding of the 106 

future climate change impacts on water cycles is hence of great significance for the 107 

water resource management and associated policy formulation, which has also been an 108 

important concern in the field of global change studies. 109 

Various methods have been proposed and utilized to disentangle climate change 110 

impacts on watershed hydrology (Zhang et al., 2018), such as paired catchment 111 

approach, hydrological modelling approach, conceptual approach, empirically 112 

statistical method, and hydrological sensitivity method (Gao et al., 2016; Zhang et al., 113 
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2017). Because hydrological models relate model parameters directly to physically 114 

observable land surface characteristics, this method can effectively extract a significant 115 

amount of information from limited existing data (Yang et al., 2017). Lu et al. (2018) 116 

used Variable Infiltration Capacity (VIC) model and RegCM4 and found that 117 

evapotranspiration would increase by 10–60% in the source regions of Yellow and 118 

Yangtze rivers due to the temperature rise. Recently, a common approach for assessing 119 

future hydrological conditions is to use General Circulation Model (GCM) projections 120 

in combination with hydrological models (Chen et al., 2012). The Soil and Water 121 

Assessment Tool (SWAT), a physical-based, semi-distributed, and bio-physical model, 122 

is suitable to investigate the response of simulated streamflow to climate change, 123 

especially with the help of projected climate data from various GCMs (Arnold et al., 124 

1998; Zhao et al., 2018). For example, using SWAT and outputs from 20 GCMs to 125 

estimate the potential hydrological changes, Neupane et al. (2019) found that the mean 126 

annual streamflow would decrease under the worst-case Representative Concentration 127 

Pathways (RCP) 8.5 during the 2080s in the Suwannee River Basin in the United States.  128 

The headwater area of the Yellow River Basin (HYRB) on the QTP is the source 129 

region of the Yellow River, the second largest river in China. The HYRB is crucial to 130 

the Yellow River Basin (YRB), as it contributed nearly 40% water to the whole YRB 131 

with an area of only about 16% (Chu et al., 2018). It was reported that the HYRB is 132 

one of the high-altitude regions with the richest biodiversity in the world (Guo et al., 133 

2004). Therefore, the specific ecosystem in this region is valuable and critical for the 134 

YRB, and even for the whole globe. The unique geographical location and climate 135 
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conditions make the ecosystem of the HYRB fragile and sensitive to environmental 136 

changes (Sun et al., 2019; Zhang et al., 2013; Zhou et al., 2005). In the context of global 137 

climate change, the HYRB is experiencing a much more intense climate change and 138 

associated effects, thus greatly increasing the uncertainties of water resources in this 139 

region. The annual average flow of the HYRB has decreased over the past 50 years 140 

(Cuo et al., 2013). What is worse, the runoff in the 1990s suffered a serious decrease 141 

and the zero-flow days at the most upstream gauging station (Huangheyan station) 142 

increased (Chen et al., 2007; Hu et al., 2011; Zhang et al., 2004), which, in long term, 143 

could influence the ecological environment and socio-economic development in the 144 

HYRB (Lin et al., 2012). Besides, due to the characteristics of water shortage in semi-145 

arid areas, comprehensive research including climate and hydrology needs to be used 146 

to evaluate possible strategies in order to make these areas less affected by the changing 147 

climate (Patel et al., 2020).Thus, accurately assessing the potential impacts of climate 148 

change on the key hydrological processes in the HYRB is an urgent and important task 149 

for water resources management.  150 

Our modeling result will provide a proper perspective for investigating the main 151 

influencing climate factors of the hydrological components, which is not only useful 152 

for people to formulate suitable strategies and policies in semi-arid area, but also key 153 

to the sustainable development of the eco-environment in the YRB. With this in mind, 154 

the goal of the present study was to assess the hydrological responses to the future 155 

projected climate in the HYRB during the near-future period (2020–2059) and far-156 

future period (2060–2099). The assessment was made for three RCP scenarios (RCP 157 
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2.6, 4.5, and 8.5) using an ensemble of eight downscaled GCMs and SWAT modeling. 158 

The specific objectives were: (1) to validate the suitability and performance of the 159 

SWAT model in simulating the hydrological processes in the HYRB; (2) to predict the 160 

characteristics of air temperature and precipitation from CMIP5 GCMs under the above 161 

three scenarios; and (3) to investigate the spatiotemporal patterns of the key 162 

hydrological components (including AET, soil water, and water yield) over the whole 163 

basin and across the 21st Century. The outcomes of this study are anticipated to provide 164 

a good scientific basis for the sustainable management of the HYRB. 165 

 166 

2 Materials and methods 167 

2.1 Study area 168 

The HYRB, well known as the ‘water tower’ of the Yellow River basin, is located in 169 

the Qinghai Province and the northeastern part of the QTP with an area of 118,000 km2, 170 

accounting for 16.2% of the YRB (Figure 1). The average annual precipitation (based 171 

on observations over the period 1956–2015) is approximately 497 mm and the average 172 

annual temperature is about 1.8C. The average annual runoff (based on observations 173 

over the period 1956–2012) is 19,800,000,000 m3, which is as much as about 42% of 174 

the runoff of the Yellow River Basin in the corresponding period. In comparison with 175 

the middle and lower reaches, the upper reach of the HYRB is less affected by 176 

anthropogenic activities. So, the response of hydrological components to climate 177 

change could be reflected objectively in the HYRB.  178 

 179 
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2.2 Model description 180 

The SWAT model was developed by the United States Department of Agriculture, 181 

Agricultural Research Service (USDA-ARS), and has been widely used to predict the 182 

impact of climate change and land use change on water, sediment, and chemical 183 

components (Arnold et al., 1998). The hydrological components in the SWAT is based 184 

on the water balance equation (Gassman et al., 2007): 185 

𝑆𝑊𝑡 = 𝑆𝑊 +∑(𝑅𝑖 − 𝑄𝑖 − 𝐸𝑇𝑖 − 𝑃𝑖 − 𝑄𝑅𝑖)𝑡
𝑖=1  (1) 

where SW is the soil water content, 𝑖 is the time t (days) for the simulation period, R 186 

(mm), Q (mm), ET (mm), P (mm), and QR (mm) are the daily amounts of precipitation, 187 

runoff, evapotranspiration, percolation, and return flow, respectively. Hydrological 188 

Response Unit (HRU) is the basic unit in SWAT. The HRU is defined as a unique 189 

aggregation of land use, soil properties, management, and terrain slope (Flügel, 2010; 190 

Patel and Srivastava, 2013). In the modeling process, we facilitated the elevation band 191 

to discretize the topographic effects of temperature and precipitation into snow melting 192 

and runoff (Hartman et al., 1999). 193 

 194 

2.3 Model input data 195 

The monthly streamflow data observed over the period 1970–2010 at the Tangnaihai 196 

gaging station were provided by the Yellow River Conservancy Commission of the 197 

Ministry of Water Resources (http://www.yrcc.gov.cn/). Meteorological data observed 198 

over the period 1951–2015 at 16 stations, including daily maximum temperature 199 

(TMAX), minimum temperature (TMIN), precipitation, wind speed, solar radiation, 200 

http://www.yrcc.gov.cn/
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and relative humidity, were provided by the Data Center of the China Meteorological 201 

Administration (CMA, http://data.cma.cn/). The input data also included digital elevation 202 

model (DEM), soil type, and land use. The 90 m × 90 m Shuttle Radar Topography 203 

Mission (SRTM) DEM were used to extract the flow direction and accumulation, create 204 

streams, delineate the watershed, and calculate the subbasin parameters. Land use data 205 

of the year 1980 (1 km × 1 km) and soil data with a 1:1 million scale were provided by 206 

the Ecological and Environmental Science Data Center for West China 207 

(http://westdc.westgis.ac.cn). Land use data were reclassified into seven major classes 208 

including mid-density and sparse grassland (56.9%), dense grassland (19.0%), barren 209 

or sparsely vegetated land (14.4%), forest (7.3%), water bodies (2.8%), cropland (0.4%) 210 

and urban, industrial and residential land (0.03%). 211 

 212 

2.4 Model setup, calibration, and validation 213 

The HYRB was divided into 157 subbasins based on DEM and digital stream 214 

network information, and the subbasins were further divided into 2205 HRUs using a 215 

threshold of 5% for each of land use, soil class, and slope. The monthly streamflow data 216 

from the Tangnaihai gauging station at the watershed outlet was used to calibrate and 217 

validate the SWAT model. In this study, SWAT-CUP (Calibration and Uncertainty 218 

Procedures) was used to identify the set of parameters based on the sensitivity analysis 219 

and generate the optimized values of the parameters (Abbaspour et al., 2007; 220 

Andrianaki et al., 2019; Xu et al., 2009) (listed in Table 2). The Sequential Uncertainty 221 

Fitting version 2 (SUFI-2) algorithm was adopted for the parameter optimization in this 222 

http://data.cma.cn/
http://westdc.westgis.ac.cn/
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study (Yang et al., 2008). The monthly streamflow data were available for 40 years 223 

(1971–2010), from which a twenty-year (1981–2000) record of monthly streamflow 224 

was used to calibrate the model, and the other twenty-year (1971–1980 and 2001–2010) 225 

record was used for validation. We used a series of numeric criteria to evaluate the 226 

model performance, including the Nash-Sutcliffe efficiency (NSE), coefficient of 227 

determination (R2), and percentage bias (PBIAS). Details of these are presented in 228 

Appendix 1. 229 

2.5 Future climate scenarios 230 

In this study, eight General Circulation Models (GCMs) were selected for climate 231 

change projections. The data were downloaded from the ESGF’s website 232 

(http://pcmdi9.llnl.gov/). Details of the data sources used in this study are presented in 233 

Table 1. The daily data sets (precipitation, maximum and minimum temperatures) of 234 

the above three GCMs were selected under RCP 2.6, 4.5, and 8.5 scenarios 235 

(representing a very low forcing scenario, medium stabilization scenario, and very high 236 

emission scenario, respectively) to predict the future climate scenarios. Two future 237 

periods were considered to study the temporal change of hydrological components: near 238 

future: 2020–2059 and far future: 2060–2099. The impacts of climate change on 239 

hydrological components were investigated by comparing the yearly and monthly 240 

difference between the baseline (1976–2015) and the future projections from the model 241 

outputs. Specifically, we used absolute changes to evaluate future maximum and 242 

minimum temperature, and relative changes to evaluate future precipitation, AET, soil 243 

water, and water yield. 244 

http://pcmdi9.llnl.gov/
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Before implementing the GCM output data in SWAT modeling, it is necessary to 245 

downscale the raw data to get a fine resolution (Wilby et al., 2002). In this study, we 246 

used bilinear interpolation to obtain high-resolution data that could be used in 247 

hydrological models (Bae et al., 2015; Sun et al., 2016); see Appendix 2 and Figure S2 248 

for details. Then we used a simple bias correction method to correct the downscaled 249 

data. The correction of precipitation used the relative change between the monthly 250 

observed and simulated data of the historical period (1971–1990), while temperature 251 

used the monthly absolute change for the historical period. These biased climate data 252 

were calculated as follows: 253 𝑃𝑓𝑚 = (1 + 𝛼𝑚) × 𝑃𝑓𝑚0 (2) 𝛼𝑚 = 𝑃ℎ𝑚 − 𝑃ℎ𝑚0𝑃ℎ𝑚0  (3) 𝑇𝑓𝑚 = 𝛽𝑚 + 𝑇𝑓𝑚0 (4) 𝛽𝑚 = 𝑇ℎ𝑚 − 𝑇ℎ𝑚0 (5) 

where m is the month m, 𝑃𝑓𝑚 and 𝑇𝑓𝑚 are the corrected GCMs precipitation and 254 

temperature, 𝑃𝑓𝑚0  and 𝑇𝑓𝑚0  are initial GCMs precipitation and temperature, 𝑃ℎ𝑚 255 

and 𝑇ℎ𝑚 are GCMs precipitation and temperature data in historical period, 𝑃ℎ𝑚0 and 256 𝑇𝑓𝑚0 are CMA precipitation and temperature data. 257 

The GCMs data were evaluated by comparing with the CMA data during the 258 

historical period (1986–2005) (Figure S3). Although the downscaling procedure for 259 

precipitation underestimated some peaks, the downscaled data were generally 260 

consistent with the CMA-based observations, with R2 being 0.87 (Figure S3a). For the 261 

monthly maximum and minimum temperatures, the downscaled data were in much 262 
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closer agreement with the observed data than the case for monthly precipitation, as 263 

shown in Figure S3b and c. The R2 between monthly temperature (maximum and 264 

minimum) derived from the downscaled GCMs and CMA exceeded 0.95 (0.96 for 265 

maximum and 0.98 for minimum). Generally, both the simulated downscaled 266 

precipitation and the temperature values were in close agreement with the observed 267 

ones, suggesting that the real climate conditions of the study area (HYRB) could be 268 

fairly accurately reflected by the downscaled climate data derived from the GCMs. 269 

 270 

2.6 Statistical analysis 271 

In this study, the unitary linearity regress method was used to fit the relation between 272 

variables. The prediction model of the univariate linear regression analysis method is 273 

as follows: 274 𝑌𝑡 = 𝑎𝑥𝑡 + 𝑏 (6) 

b = ∑𝑌𝑖𝑛 − 𝑎∑𝑥𝑖𝑛  (7) 

a = 𝑛∑𝑥𝑖𝑌𝑖 − ∑𝑥𝑖 ∑𝑌𝑖𝑛∑𝑥𝑖2 − (∑𝑥𝑖)2  (8) 

where 𝑥𝑡 represents the value of independent variable in t period, 𝑌𝑡 represents the 275 

value of dependent variable in t period, a and b represent the parameter of linear 276 

regression equation. 277 

We also used Mann-Kendall nonparametric rank test to analyze the trend of 278 

hydrological and meteorological elements (Kendall and MauriceG, 1979). The rank 279 

correlation test for two sets of observations X = 𝑥1, 𝑥2, … 𝑥𝑛 and Y = 𝑦1, 𝑦2, … 𝑦𝑛 is 280 
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formulated as follows. The statistic S is calculated as follows: 281 

𝑆 =∑𝑎𝑖𝑗𝑖<𝑗 𝑏𝑖𝑗 (9) 

where 282 

𝑎𝑖𝑗 = 𝑠𝑔𝑛(𝑥𝑗 − 𝑥𝑖) = {1 𝑥𝑖 < 𝑥𝑗  0 𝑥𝑖 = 𝑥𝑗−1 𝑥𝑖 > 𝑥𝑗  (10) 

and 𝑏𝑖𝑗 is similarly defined for the observations in Y. Under the null hypothesis that X 283 

and Y are independent and randomly ordered, the statistic S tends to normality for large 284 

n, with 𝐸(𝑆) = 0 and variance given by: 285 

𝑣𝑎𝑟(𝑆) = 𝑛(𝑛 − 1)(2𝑛 + 5)10  (11) 

The significance of trends is tested by comparing the standardized test statistic Z with 286 

the standard normal variate at the desired significance level. Z is calculated as: 287 

𝑍 =
{  
  (𝑆 − 1)√𝑣𝑎𝑟(𝑆)  𝑆 > 0 0       𝑆 = 0(𝑆 + 1)√𝑣𝑎𝑟(𝑆)  𝑆 < 0  (12) 

|𝑍| ≥  1.64 means that the confidence level in the current test is more than 95% 288 

(p<0.05). 289 

 290 

3 Results 291 

3.1 Model evaluation 292 

A visual comparison of the monthly simulated streamflow values against the monthly 293 

observed streamflow values for the calibration (1981–2000) and validation (1971–1980 294 

and 2001–2010) periods is shown in Figure 2. Although there were three peak flows 295 
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(e.g., 1981, 1983, and 1999) underestimated and two peak flows (e.g. 1995 and 2007) 296 

overestimated during extreme high-water years, the monthly streamflow simulations 297 

generally matched well with the observations. The results from the statistical evaluation 298 

were presented in Table 3. For the calibration period, the model performed efficiently 299 

with the NSE of 0.85, R2 of 0.86, and PBIAS of -0.3%. As for the validation periods, 300 

the NSEs were 0.87 and 0.82, R2 were 0.88 and 0.89, and PBIAS were -0.3% and 11.3% 301 

for validation period I (1971–1980) and validation period II (2001–2010), respectively. 302 

Based on the performance ratings of assuming typical uncertainty in observations given 303 

by Pereira et al. (2016), the streamflow simulation in this study could be evaluated as 304 

‘good’ (|PBIAS| ≤ 15%, 0.8 ≤ NSE, and R2 ≥ 0.85). These results indicate that the 305 

SWAT model performed well in the HYRB and can be used to investigate the future 306 

climate change impacts on hydrological processes. 307 

 308 

3.2 Historical spatiotemporal characteristics of key hydrological components 309 

Figure 3 showed that the average annual AET was about 292 mm during 1976–2015, 310 

with a range of 250 mm in 1997 to 329 mm in 2012. SD (standard deviation) of AET 311 

was 19.46 mm, which means AET fluctuated greatly during the study period. The linear 312 

fitting results showed that AET in the whole region increased significantly with a rate 313 

of 0.93 mm/yr, which was due to the increase of precipitation and temperature in this 314 

region (Figure S1). Spatially, in comparison with the northwestern part, the 315 

southeastern part of the basin had a higher AET value (Figure 4 a). From 1976 to 2015, 316 

AET increased mainly in the southeast, central and western parts of the basin, and the 317 
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change in most areas is significant. While it decreased slightly in the northeast (Figure 318 

4 d and g). Table 4 showed that 84.2% of the basin experienced increased AET with a 319 

rate ranging from 0.1 to 2.0 mm/yr, with significant increasing portion detected for 320 

74.0%. 321 

The basin-average soil water approximately amounted to 120 mm during 1976–2015 322 

(Figure 3). During the study period, the minimum soil water was 116 mm, which 323 

appeared in 1988, and the maximum value was 126 mm, which appeared in 1983. Soil 324 

water in the whole region showed a slightly decreasing trend with a rate of 0.05 mm/yr 325 

during the 40-year period. Soil water showed an increasing gradient from the northwest 326 

to the southeast with a range of 0 to 578 mm (Figure 4 b). There was abundant rainfall 327 

and high coverage grassland in the southeast, which could increase the retention time 328 

of rainwater on the land surface and increase the infiltration of rainwater, so the soil 329 

water in this area was higher. Figure 4 h showed that the area with decreased soil water 330 

was greater than the increased one, and we could also find the same result from Table 331 

4.  332 

Water yield refers to the capacity of a catchment to supply water (Arnold et al., 1998). 333 

The average water yield in study area was 205 mm with a range of 147 to 305 mm 334 

during 1976–2015 (Figure 3). The SD of water yield was 35.65 mm, and the linear 335 

fitting results showed that the water yield decreased by 0.02 mm/yr, and the downward 336 

trend was insignificant. From Figure 4 c, we found that water yield of the basin had 337 

obvious spatial heterogeneity, that is, water yield of the eastern and southern region was 338 

much higher than that in the western and northern area. During the study period, water 339 
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yield mainly showed a decreasing trend in the south of basin (about 51.8% of the whole 340 

basin), while the western and northern regions showed an increasing trend (48.2% of 341 

the whole basin) (Figure 4 i and Table 4). Besides, there was no statistical significance 342 

in the trend of water yield in both increasing and decreasing areas. 343 

 344 

3.3 Projected climate over the 21st century 345 

The downscaled data were analyzed for the two future time periods: near future 346 

(2020–2059) and far future (2060–2099). The future bias-corrected scenarios RCP 2.6, 347 

RCP 4.5, and RCP 8.5 were then compared with the observed climate data from the 348 

historical period (1976–2015). 349 

Figure 5 showed that during the near future period, the annual increases in 350 

precipitation were found to be 7.3%, 7.6%, and 7.8% under RCP 2.6, RCP 4.5, and RCP 351 

8.5, respectively. The annual precipitation was projected to continuously increase in the 352 

HYRB under three RCPs during the far future period. From the Table 5, we found that 353 

the CV (coefficient of variation) of far future period precipitation was higher than that 354 

of near future period precipitation. Figure 6 (a) showed that the precipitation in the 355 

HYRB mainly concentrated from May to September every year during the historical 356 

period. The rainfall in the study area would increase in every month, while the changes 357 

in monthly projected rainfall showed large differences (Figure 6 b). The precipitation 358 

increased most obviously in January and November. In particular, it was anticipated to 359 

increase by 63% and 63.3% in these two months under RCP 8.5 scenario during the far 360 

future period. These results indicated that the future precipitation changes had temporal 361 
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heterogeneity under different scenarios. 362 

Both annual and monthly temperatures showed a significant warming trend across 363 

the HYRB (Figure 5 and Figure 6). Under RCP 2.6, the increment of temperature was 364 

similar during the near future and far future periods. Under RCP 4.5 scenario, the 365 

maximum temperature increased by 1.6 °C and the minimum temperature increased by 366 

1.5 °C in the near future period. The maximum temperature and minimum temperature 367 

increased by 2.6 °C and 2.4 °C respectively in the far future period. The HYRB was 368 

projected to experience the warmest period at the end of this century under RCP 8.5, in 369 

which period the maximum temperature and minimum temperature were expected to 370 

increase by 4.5 °C. Table 5 indicated that the CV of far future period temperature was 371 

higher than that of near future period temperature. Figure 6 (a) showed that the 372 

maximum values of the maximum and minimum temperature in the HYRB appear in 373 

July and the minimum values appear in January. The maximum temperature increased 374 

the most in October (by 5.2 °C), and the minimum temperature increased the most in 375 

March (by 6.4 °C), which occurred in the RCP 8.5 scenario at the end of this century 376 

(Figure 6 c and d).  377 

 378 

3.4 Hydrological responses to projected climate change 379 

  We analyzed the effects of climate change on several key hydrological components 380 

in the HYRB, including actual evapotranspiration (AET), soil water, and water yield. 381 

Figure 7 and Figure 8 showed the annual and monthly change, respectively, of the future 382 

AET, soil water, and water yield. 383 
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Figure 7 indicated that AET was sensitive to climate change. During the near future 384 

period, the increment of AET in the three RCPs was similar, ranging from 31.9% to 385 

35.3%. During the far future period, AET continued to increase, with the most dramatic 386 

increase under RCP 8.5 scenario, which might be related to obvious increase of 387 

precipitation and temperature in the HYRB. From the Figure 8 (a), we found that the 388 

AET in historical period reached its maximum in July. During the near future and far 389 

future period, AET showed an increasing trend (Figure 8 b). AET was projected to 390 

increase greatly in March, April, October, and November, and the maximum increment 391 

occurred under RCP 8.5 scenario at the end of this century, with a change rate of 174%. 392 

Figure S4 showed the spatial changes of AET compared with historical periods. The 393 

AET of the whole basin would increase in the future, while it increased more obviously 394 

in the eastern and southern part of the basin, indicating more water loss in this region 395 

in the future. Compared with RCP 2.6 and RCP 4.5, AET increased most under RCP 396 

8.5, which was related to the different temperature changes under the three scenarios. 397 

Soil water decreased slightly during near future period, by 3.1% in RCP 2.6 scenario, 398 

6.1% in RCP 4.5, and 8.5 scenarios (Figure 7). By the end of this century, soil water 399 

decreased more obviously, by 13.3% under RCP 8.5 scenario compared with base 400 

period, which could affect the absorption of water by vegetation The monthly variation 401 

of soil water was shown in Figure 8 (c). Under different scenarios, soil water decreased 402 

most obviously in April and May. The change of soil water was similar to that of 403 

temperature, which meant that although the rainfall increased in this region, the increase 404 

of ET due to raise of temperature played a greater role. Figure S5 showed that the 405 
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decrease of soil water was predicted to be mainly in the west, middle and export areas 406 

of the basin, while it would increase slightly in the southeastern region. Compared with 407 

the near future period, the increment of soil water in southeast may decrease during the 408 

far future period, and even turn to a decrease. 409 

Under the combined effects of increased temperature and variations in precipitation, 410 

the water yield showed a decrement of 16.5–20.1% during the near future period 411 

(Figure 7). At the end of this century, due to the increase of precipitation, the water 412 

yield would be no longer continuously reduced, and the decline rate was similar to that 413 

the near future period (15–19.5%). Table 6 indicated that water yield had a larger range 414 

of variation and correlation than AET and soil water. Figure 8 (a) showed that during 415 

the base period, the lowest level of water yield occurred in January, and then increased 416 

sharply in May. Water yield peaked in July and decreased after September. From Figure 417 

8 (d), we found that the water yield in February, March and November showed an 418 

obvious increasing trend compared with the historical period. The highest change was 419 

in February, with a change rate of 39.1–129%. The relative changes were also obvious 420 

because of the small value of absolute water yield in winter. Besides, water yield was 421 

projected to decrease from May to August in each scenario. Figure S6 was the change 422 

of water yield during two future periods. We found that water yield in most HRUs 423 

would decrease under three RCPs, which was related to the obvious increase of AET. 424 

The water yield was predicted to increase only in a few areas, mainly distributed in the 425 

southeast of the basin, with the variation range of 1–70 mm. Compared with the near 426 

future period, the decline of water yield at the end of this century was reduced, which 427 
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might be caused by the increase of rainfall.  428 

4 Discussion 429 

4.1 Intense climate change and potential threats 430 

Our study found that the climate in HYRB would become wetter in terms of the 431 

changes of precipitation, especially during far future period under the RCP 8.5 scenarios. 432 

The rainfall was projected to increase by 7.3–7.8% for the near future period and 9.0–433 

17.9% for the far future period. Increased precipitation will have a positive effect on 434 

AET, soil water, and water yield in study area. The result of the increases in 435 

precipitation was generally in line with Feng et al. (2016) and Li et al. (2008). 436 

Compared with summer (June, July, and August), the monthly dynamics of 437 

precipitation in other months was more obvious, which may affect the monthly 438 

variation of hydrological components in HYRB. 439 

For temperature, the results suggested an increase in both maximum and minimum 440 

temperature in the future, and this increasing trend of future temperature is consistent 441 

with that in the historical period (Figure S1). During the near future period, the raises 442 

of temperature were projected to be substantially similar under RCP 2.6, RCP 4.5, and 443 

RCP 8.5, indicating that the different emissions scenarios would not lead to 444 

significantly different temperature responses. However, the increase in temperature 445 

began to diverge under different emission scenarios during the far future, since the 446 

temperature increase was generally 3 °C more under RCP 8.5 than under RCP 2.6. 447 

Furthermore, Figure 6 showed that projected increment of maximum temperature were 448 

slower than that of minimum temperature, which is consistent with most areas around 449 
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the world and might lead to a decline in diurnal temperature range (DTR) and 450 

considerably affect the growth of vegetation (Donat et al., 2013; Feng et al., 2018; 451 

Morak et al., 2013). According to the fifth assessment report (AR5) of IPCC, the 452 

simulation results showed that the global average temperature rise could reach 2.6–453 

4.8 °C by the end of the 21st century (Stocker et al., 2013), with the temperature 454 

projected to increase more at higher elevations and latitudes (Hu et al., 2014; Luo et al., 455 

2019). Previous studies have shown that the temperature changes in the Qinghai-456 

Tibetan Plateau region and the polar regions were more severe than that in other areas 457 

(Gao et al., 2012; Overland et al., 2014). As it is climatically sensitive and ecologically 458 

fragile, the HYRB region and its environment have been significantly affected by 459 

climate change. For example, the wetland ecosystem in the HYRB plays an 460 

irreplaceable role in water source conservation, run-off adjustment, and biodiversity 461 

maintenance. Climate change will make future efforts to restore and manage wetlands 462 

more complex (Erwin, 2008). Consequently, the increasing temperature may cause 463 

serious disturbances to the ecological structure and degradation of ecosystem functions, 464 

posing a threat to the safety of ecosystems in the middle and lower reaches of the Yellow 465 

River Basin.  466 

 467 

4.2 Projected hydrologic changes and influencing climate factors 468 

Quantifying the influence of climate factors on hydrological processes is essential 469 

for water resources management, especially in semi-arid region. The AET was 470 

projected to increase by 31.9–35.3% for the near future period and up to 33.5–54.3% 471 
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for the far future period, which was relative to the combined influence of precipitation 472 

and temperature. While as for monthly change, the increase in AET in May, June, July, 473 

and August was less than other periods. This was due to the reason that the change in 474 

precipitation in same period was small, although the temperature increment was similar 475 

to other periods. Therefore, the change in temperature made the AET in whole area 476 

increase, but the monthly scale change of AET would be greatly affected by 477 

precipitation. The warm and wet climate could lead to a downward trend in soil water 478 

in the future. The raise of rainfall might have a positive effect on soil water, but the 479 

increment of AET due to temperature would result in a decreasing trend of it. Also, due 480 

to severe temperature rise, soil water was predicted to continue to decline during far 481 

future period, which meant that in the study area, temperature dominated changes in 482 

soil water.  483 

The water yield would reduce by 16.5~20.1% for the near future period, which may 484 

imply that the HYRB would be under a severe water stress during the mid-century 485 

period. The magnitude of the decline in water yield obtained from this study was a little 486 

higher than that from Lin et al. (2012), who reported a decrease of about 9.5% (2020s) 487 

under the A2 scenario in the HYRB. We found that the water yield showed a decreasing 488 

trend from May to August both in two periods. The decline of water yield was due to 489 

the increase in AET caused by warming, even if the precipitation was also raising during 490 

the same period. So the increase in ET would be the main cause for water yield decrease. 491 

Meng et al. (2016) found that runoff in the HYRB decreased by about 20% in the 2000s, 492 

during which precipitation contributed for 3% to the runoff reduction, while the 493 
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increase in AET accounted for 97%. Besides, due to strong warming over the region, 494 

AET has been playing an increasingly important role in influencing runoff changes in 495 

recent decades. In the end of this century, driven by the increased precipitation, water 496 

yield would no longer continue to decrease, with a decline by 15–19.5% for the far 497 

future period. Hence the variation of temperature would dominate the changes in water 498 

yield in the HYRB, while rainfall can affect it to some extent.  499 

 500 

4.3 Implication 501 

The climate warming has been regarded as an undoubted fact and could further exert 502 

adverse effects on the soil water yield, which can alert decision makers for the potential 503 

risks, including drought. For example, the reduction of water yield in May to August 504 

due to the increment of temperature in the HYRB could be an indicator of reduced water 505 

availability in the growing season. Therefore, there was a concern about steady water 506 

supply for industrial purposes and crop irrigation not only in the HYRB, but also in the 507 

whole Yellow River Basin. Besides, the raising AET and the resulting decline of soil 508 

water, especially in irrigation period (May to August), would cause an increasing 509 

potential of water stress on crop growth and a resulting increase in water demand for 510 

irrigation. Therefore, the reduction in water yield in the HYRB and the increase in 511 

irrigation demand require watershed managers to pay attention to the more effective 512 

water-use schemes and optimizing effective water-saving irrigation equipment.  513 

Many semi-arid regions have the characteristics of water shortage, fragile natural 514 

resources, obvious climate change, and great social pressure (Krol et al., 2006). 515 
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Integrated studies including climatology and hydrology are required to evaluate 516 

possible strategies to make semi-arid areas less susceptible to current and changing 517 

climate. Our modeling study provided a proper perspective for investigating the main 518 

influencing climate factors of the hydrological components in semi-arid area. This is 519 

certainly informative and valuable for people who are interested in the modeling 520 

research related to water cycles and its response to climate change, and a better 521 

understanding of climatic and hydrological changes in semi-arid areas is highly 522 

required to formulate specific and suitable strategies in water resources management 523 

(Shen et al., 2019). Besides, climate change dominated the hydrological shifts in alpine 524 

region (Yang et al., 2019). Considering the co-effects of both climate and land cover 525 

changes on the hydrological cycle, such a headwater area with minimal disturbance by 526 

human activities is suitable for diagnosing the historical changes without the challenge 527 

of disentangling the land cover changes. In general, although this research is a case 528 

study, out results can not only be helpful for understanding the hydrological responses 529 

to climate change in semi-arid areas and alpine areas, but also demonstrates the 530 

necessity to predict future climate and water cycle changes at local areas, especially 531 

when seeking decision support, which can help managers to develop adaptive strategies 532 

to mitigate risks and benefit the public. 533 

 534 

4.4 Limitations and uncertainties 535 

The soil type, land use, and anthropogenic activities have a great influence on 536 

hydrological components, and this may lead to over/under-estimation of the 537 
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hydrological components. Besides, previous studies have indicated that high-altitude 538 

catchments would experience more complex hydrological changes because of the 539 

important role of glaciers, snowmelt, and freeze-thaw process of soil in the water 540 

balance (Wang et al., 2015), while we did not take these processes into account in this 541 

study because of the model simulation ability. In the future, we will carry out relevant 542 

researches. Furthermore, there are inherent uncertainties in the GCMs processes (Zhou 543 

et al., 2015). Although out study adopted the arithmetic ensemble averages from the 544 

hydrological model outputs that are driven by the eight GCMs to address this 545 

uncertainty, due to the complexities involved in the climate change phenomenon, 546 

accurately predicting future climate change is very difficult (Knutti and Sedláček, 2012). 547 

 548 

5 Conclusions 549 

In this study, we investigated the projection of future climate and its impacts on key 550 

hydrological components in the HYRB. The SWAT was calibrated and evaluated for 551 

the HYRB. The model performed successfully with satisfactory NSE, R2, and PBIAS 552 

values. Temporally, AET showed an significantly increasing trend during 1976–2015, 553 

while soil water and water yield decreased slightly. Spatially, these key hydrological 554 

components exhibited a substantial heterogeneity. The precipitation projections 555 

indicated that there would be a slight increase of 7.3–7.8% during the near future period 556 

and an increase by 9.0–17.9% during the far future period. The climate projections 557 

showed a warming of 1.3–1.9 °C for the near future period and 1.5–4.5 °C for the far 558 

future period for the maximum temperature. The corresponding values for the minimum 559 
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temperature were 1.2–1.8 °C and 1.3–4.5 °C. And the projected changes in the 560 

maximum temperature were slower than those in the minimum temperature in January, 561 

February, March, November, and December. Due to the wetter and warmer climate, 562 

AET was predicted to increase dramatically under three RCPs, and there would be an 563 

increment in the whole basin compared with historical period. As for soil water, there 564 

would be a slight decline of 3.1–6.1% during the near future period and a decrease of 565 

4.2–13.3% during the far future period. The spatial changes would be much 566 

complicated, but soil water in most HRUs would show a decreasing trend mainly 567 

caused by warming. The synergistic effect of the climate change would result in a 16.5–568 

20.1% reduction in water yield during the near future period. In the end of this century, 569 

driven by the increased precipitation, water yield would no longer continue to decrease, 570 

with a decline by 15–19.5%. So in the HYRB, the variation of temperature would 571 

dominate the changes in water yield in the HYRB, while rainfall can affect it to some 572 

extent. Besides, the obvious reduction of water yield from May to August would lead 573 

to more severe water crisis not only in study area, but also in the whole Yellow River 574 

basin. 575 

Our study examined the spatiotemporal hydrological dynamics in the HYRB under 576 

future climate change conditions. The prediction facilitates the development and 577 

implementation of an effective water management plan in advance to minimize 578 

potential negative water resources issues in the Yellow River basin. To achieve even 579 

more reliable results, future research should consider other factors besides climate 580 

change, such as land use changes and increased CO2 concentrations due to human 581 
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activities. We will address this in our future studies. 582 
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 600 

Appendix 1. Model performance assessment 601 

  To measure the model performance, the Nash-Sutcliffe Efficiency (NSE) 602 

(Mandeville et al., 1970), the coefficient of determination (R2) , and the percentage bias 603 



 29 / 57 

 

(PBIAS) were used in this study. These criteria were calculated as follows: 604 

𝑁𝑆𝐸 = 1 − ∑ (𝑄𝑚.𝑖 − 𝑄𝑠,𝑖)2𝑛𝑖=1∑ (𝑄𝑚.𝑖 − 𝑄𝑚,𝑎𝑣𝑔)2𝑛𝑖=1  (1) 

𝑅2 = [∑ (𝑄𝑚.𝑖 − 𝑄𝑚,𝑎𝑣𝑔)(𝑄𝑠.𝑖 − 𝑄𝑠,𝑎𝑣𝑔)]𝑛𝑖=1 2∑ (𝑄𝑚.𝑖 − 𝑄𝑚,𝑎𝑣𝑔)2𝑛𝑖=1 ∑ (𝑄𝑠.𝑖 − 𝑄𝑠,𝑎𝑣𝑔)2𝑛𝑖=1  (2) 

𝑃𝐵𝐼𝐴𝑆 = ∑ (𝑄𝑠.𝑖 − 𝑄𝑚,𝑖)𝑛𝑖=1∑ 𝑄𝑚.𝑖𝑛𝑖=1 × 100% (3) 

where 𝑄𝑚.𝑖  and 𝑄𝑠,𝑖 are measured and simulated streamflow at each time step 𝑖 ; 605 𝑄𝑚,𝑎𝑣𝑔 and 𝑄𝑠,𝑎𝑣𝑔 are the mean measured and simulated streamflow; and 𝑛 is the 606 

number of time steps. 607 

  The NSE describes the explained variance for the observed values over time that is 608 

accounted for by the model (Green and Griensven, 2008). The PBIAS measures the 609 

average difference between observation and simulation. The closer NSE and R2 are to 610 

1, and PBIAS to 0, the better the SWAT model performs. 611 

 612 

Appendix 2. Bilinear interpolation downscaling method 613 

Bilinear interpolation, as an extension of linear interpolation, is used to interpolate 614 

functions of two variables (e.g., x and y) on a rectilinear 2D grid in mathematics 615 

(https://en.wikipedia.org/wiki/Bilinear_interpolation). The method is described as follows: 616 

Suppose get the value of the unknown function 𝑓 at point 𝑃 = (𝑥, 𝑦). It’s assumed 617 

that we know the value of the four points of the function 𝑓 at 𝑄11 = (𝑥1, 𝑦1), 𝑄12 =618 (𝑥1, 𝑦2), 𝑄21 = (𝑥2, 𝑦1), 𝑄22 = (𝑥2, 𝑦2) (Figure S2). 619 

  First, linear interpolation is performed in the 𝑥-direction: 620 𝑓(𝑅1) ≈ 𝑥2 − 𝑥𝑥2 − 𝑥1 𝑓(𝑄11) + 𝑥 − 𝑥1𝑥2 − 𝑥1 𝑓(𝑄21) (5) 

https://www.google.com.hk/url?sa=t&rct=j&q=&esrc=s&source=web&cd=3&ved=2ahUKEwio4LvfypLjAhWIwpQKHY_GBisQFjACegQIERAG&url=https%3A%2F%2Fen.wikipedia.org%2Fwiki%2FBilinear_interpolation&usg=AOvVaw1Bx1NdMuG8RZ_ZxSSwEdrG
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where, 𝑅1 = (𝑥, 𝑦1), 621 𝑓(𝑅2) ≈ 𝑥2 − 𝑥𝑥2 − 𝑥1 𝑓(𝑄12) + 𝑥 − 𝑥1𝑥2 − 𝑥1 𝑓(𝑄22) (6) 

where, 𝑅2 = (𝑥, 𝑦2). 622 

  Then, linear interpolation is performed in the 𝑦-direction: 623 𝑓(𝑃) ≈ 𝑦2 − 𝑦𝑦2 − 𝑦1 𝑓(𝑅1) + 𝑦 − 𝑦1𝑦2 − 𝑦1 𝑓(𝑅2) (7) 

  Finally, the desired estimate of 𝑓(𝑥, 𝑦): 624 𝑓(𝑥, 𝑦) ≈ 𝑓(𝑄11)(𝑥2 − 𝑥1)(𝑦2 − 𝑦1) (𝑥2 − 𝑥)(𝑦2 − 𝑦)+ 𝑓(𝑄21)(𝑥2 − 𝑥1)(𝑦2 − 𝑦1) (𝑥 − 𝑥1)(𝑦2 − 𝑦)+ 𝑓(𝑄12)(𝑥2 − 𝑥1)(𝑦2 − 𝑦1) (𝑥2 − 𝑥)(𝑦 − 𝑦1)+ 𝑓(𝑄22)(𝑥2 − 𝑥1)(𝑦2 − 𝑦1) (𝑥 − 𝑥1)(𝑦 − 𝑦1) 
(8) 
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Table captions 813 

Table 1. Information of the eight General Circulation Models (GCMs) used in this study. 814 

Table 2. Calibrated parameter values for the headwater area of the Yellow River Basin. 815 

Table 3. Evaluation of model performance in monthly streamflow simulation at the 816 

Tangnaihai gaging station during the twenty-year (1981–2000) calibration and 817 

twenty-year (1971–1980, 2001–2010) validation periods. 818 

Table 4.Area percentage of the changing trends of the three key hydrological 819 

components during 1976–2015. 820 

Table 5. Variations in annual precipitation, maximum air temperature (TMAX), and 821 

minimum air temperature (TMIN) during the near future (NF, 2020–2059) 822 

and far future (FF, 2060–2099) periods under RCP 2.6, RCP 4.5, and RCP 8.5 823 

compared with the baseline period (1976–2015). CV denotes the coefficient 824 

of variation of model annual averages. 825 

Table 6. Variations in annual AET, soil water, and water yield during the near future 826 

(NF, 2020–2059) and far future (FF, 2060–2099) periods under RCP 2.6, RCP 827 

4.5, and RCP 8.5 compared with the baseline period (1976–2015). CV denotes 828 

the coefficient of variation of model annual averages. 829 
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Figure captions 831 

Figure 1. The location and brief description of the headwater area of the Yellow River 832 

Basin, China. 833 

Figure 2. Monthly streamflow simulation at the Tangnaihai gaging station during the 834 

calibration period (1981–2000) and the validation periods (1971–1980, 2001–835 

2010). 836 

Figure 3. Temporal changes in annual AET (actual evapotranspiration), water yield, and 837 

soil water during 1976–2015. SD means standard deviation. 838 

Figure 4. Spatial distributions of (a-c) annual mean key hydrological components, (d-f) 839 

annual trends of key hydrological components, and (g-i) probability density 840 

distribution of trends in the HYRB during 1976–2015 on the Hydrologic 841 

Response Unit (HRU) level. "///" indicates that the trend has passed the 842 

significance test (p<0.05). 843 

Figure 5. Ensemble values of annual mean precipitation, maximum and minimum air 844 

temperature under three RCPs during the future period of 2020–2099. The 845 

blue, green, and red lines represent the historical period, near future (NF, 846 

2020–2059), and the far future (FF, 2060–2099) periods, respectively. The 847 

shading area denotes the ±1 standard deviation range of model annual 848 

averages. 849 

Figure 6. (a) Monthly mean precipitation, maximum and minimum air temperature 850 

during baseline period (1976–2015). (b) Projected changes in ensemble 851 

monthly mean precipitation, (c) maximum and (d) minimum air temperature 852 

during the near future (NF, 2020–2059) and far future (FF, 2060–2099) 853 

periods under RCP 2.6, 4.5, and 8.5 relative to baseline. 854 

Figure 7. Ensemble values of annual mean AET (actual evapotranspiration), soil water, 855 

and water yield under three RCPs during the future period of 2020–2099. The 856 

green and red lines represent the near future (NF, 2020–2059) and the far 857 
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future (FF, 2060–2099) periods, respectively. The shading area denotes the 858 

±1 standard deviation range of model annual averages. 859 

Figure 8. (a) Monthly AET (actual evapotranspiration), soil water and water yield 860 

during the baseline period (1976–2015) and the projected monthly changes in 861 

(b) AET, (c) soil water, and (d) water yield during the near future (NF, 2020–862 

2059) and the far future (FF, 2060–2099) periods under the RCP 2.6, 4.5, and 863 

8.5 relative to baseline in the HYRB. 864 

Figure S1. Temporal changes in annual precipitation, maximum temperature, minimum 865 

temperature, wind speed, relative humidity, and solar radiation in the 866 

headwater area of the Yellow River Basin (HYRB) during 1966–2015. 867 

Figure S2. Bilinear-interpolation schematic diagram. 868 

Figure S3. Comparison of observed and GCM-derived (a) monthly precipitation, (b) 869 

maximum and (c) minimum temperature in the HYRB during 1986 and 2005. 870 

Figure S4. The difference of AET (actual evapotranspiration) between near future 871 

(2020–2059) and historical period, far future (2060-2099) and historical 872 

period under the RCP 2.6, 4.5, and 8.5. 873 

Figure S5. The difference of soil water between near future (2020–2059) and historical 874 

period, far future (2060–2099) and historical period under the RCP 2.6, 4.5, 875 

and 8.5. 876 

Figure S6. The difference of water yield between near future (2020–2059) and historical 877 

period, far future (2060–2099) and historical period under the RCP 2.6, 4.5, 878 

and 8.5. 879 
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Table 881 

Table 1. Information of the eight General Circulation Models (GCMs) used in this 882 

study. 883 

Model Institution 
Resolution (Lon × 

Lat) Time Period 

CanESM2 CCCMA, Canada 2.8°× 2.8° 2006-2100 

CNRM-CM5 CNRM-CERFACS, France 1.4°×1.4° 2006-2100 

GFDL-CM3 GFDL, America 2.0°× 2.5° 2006-2100 

GFDL-ESM2G GFDL, America 2.0°× 2.5° 2006-2100 

MIROC-ESM 
AORI-NIES-JAMSTEC, 

Japan 
2.8°× 2.8° 2006-2100 

MPI-ESM-LR MPI-M, Germany 1.9°× 1.9° 2006-2100 

MRI-CGCM3 MRI, Japan 0.6°× 0.6° 2006-2100 

NorESM1-M NCC, Norway 1.9°×2.5° 2006-2100 
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Table 2. Calibrated parameter values for the headwater area of the Yellow River Basin. 886 

 887 

Parameter Description Range 
Calibrated 

value/change 

CN2 SCS curve number for moisture condition Ⅱ -10% – 10% 9.7% 

ALPHA_BF Baseflow alpha factor (day) 0.03 – 0.09 0.043 

GW_DELAY Groundwater delay (day) 2.0 – 6.0 4.717 

GW_REVAP Groundwater revap coefficient 0.01 – 0.02 0.018 

ESCO Soil evaporation compensation factor 0.5 – 0.99 0.987 

SOL_K Saturated hydraulic conductivity (mm/h) -5% – 20% 1.40% 

SOL_AWC Available water capacity of soil layer (mm) -13% – 10% 9.6% 

CH_K2 Main channel conductivity (mm/h) 4.0 – 10.0 9.057 

SMTMP Snowmelt temperature (℃) -0.5 – 1.28 0.646 

SFTMP Snowfall temperature (℃) 1.51 – 3.13 1.967 

TLAPS Temperature lapse rate -7.43 – -6.11 -6.37 

SOL_Z Depth from soil surface to the bottom of the layer (mm) -10% – 5% -6.1% 

 888 

  889 
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Table 3. Evaluation of model performance in monthly streamflow simulation at the 890 

Tangnaihai gaging station during the twenty-year (1981–2000) calibration and twenty-891 

year (1971–1980, 2001–2010) validation periods. 892 

 893 

Period 
Average runoff (m3/s) 

R² NSE PBIAS (%) 
Observed Simulated 

Calibration (1981–2000) 652.72 650.99 0.86 0.85 -0.3 

Validation I (1971–1980) 658.34 656.39 0.88 0.87 -0.3 

Validation II (2001–2010) 564.14 627.4 0.89 0.82 11.3 

 894 
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Table 4. Area percentage of the changing trends of the three key hydrological 896 

components during 1976–2015. 897 

 898 

 

Percent area of 

significant 

decrease (%) 

Percent area of 

insignificant 

decrease (%) 

Percent area of 

insignificant 

increase (%) 

Percent area of 

significant 

increase (%) 

AET 3.95 11.85 10.2 74 

Soil water 25.6 25.1 34.3 15 

Water 

yield 
0 48.2 51.8 0 

 899 
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Table 5. Variations in annual precipitation, maximum air temperature (TMAX), and 901 

minimum air temperature (TMIN) during the near future (NF, 2020–2059) and far 902 

future (FF, 2060–2099) periods under RCP 2.6, RCP 4.5, and RCP 8.5 compared with 903 

the baseline period (1976–2015). CV denotes the coefficient of variation of model 904 

annual averages. 905 

Scenario RCP 2.6 RCP 4.5 RCP 8.5 

Period NF FF NF FF NF FF 

Precipitation change 

(%) 

7.3 9.0 7.6 12.9 7.8 17.9 

CV (Precipitation %) 6.2 7.4 6.4 8.9 5.9 11.1 

TMAX change (℃) 1.3 1.5 1.6 2.6 1.9 4.5 

CV (TMAX %) 8.4 10.5 7.8 10.7 8.1 9.7 

TMIN  change (℃) 1.2 1.3 1.5 2.4 1.8 4.5 

CV (TMIN %) 13.9 17.3 14.6 26.9 17.8 229.2 
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Table 6. Variations in annual AET, soil water, and water yield during the near future 908 

(NF, 2020–2059) and far future (FF, 2060–2099) periods under RCP 2.6, RCP 4.5, and 909 

RCP 8.5 compared with the baseline period (1976–2015). CV denotes the coefficient 910 

of variation of model annual averages. 911 

 912 

Scenario RCP 2.6 RCP 4.5 RCP 8.5 

Period NF FF NF FF NF FF 

AET change (%) 32 33.5 33.3 41.8 35.3 54.3 

CV (AET %) 6.7 8.5 6.6 8.8 6.5 9.6 

Soil water change (%) -3.1 -4.2 -6.1 -9 -6.1 -13.3 

CV (Soil water %) 5.6 5.8 3.2 4.2 3.3 5.3 

Water yield change (%) -16.5 -15 -17.8 -16 -20.1 -19.5 

CV (Water yield %) 12.3 11.3 13.2 16.3 12 21.8 
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Figure 915 

 916 

Figure 1. The location and brief description of the headwater area of the Yellow 917 

River Basin (HYRB), China. 918 

  919 



 45 / 57 

 

 920 

Figure 2. Monthly streamflow simulation at the Tangnaihai gaging station during the 921 

calibration period (1981–2000) and the validation periods (1971–1980, 2001–2010). 922 
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 924 

Figure 3. Temporal changes in annual AET (actual evapotranspiration), water yield, 925 

and soil water during 1976–2015. SD means standard deviation. 926 

927 
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 928 

 929 

Figure 4. Spatial distributions of (a-c) annual mean key hydrological components, (d-930 

f) annual trends of key hydrological components, and (g-i) probability density 931 

distribution of trends in the HYRB during 1976–2015 on the Hydrologic Response Unit 932 

(HRU) level. "///" indicates that the trend has passed the significance test (p<0.05). 933 
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 935 

 936 

Figure 5. Ensemble values of annual mean precipitation, maximum and minimum air 937 

temperature under three RCPs during the future period of 2020–2099. The blue, green, 938 

and red lines represent the historical period, near future (NF, 2020–2059), and the far 939 

future (FF, 2060–2099) periods, respectively. The shading area denotes the ±1 standard 940 

deviation range of model annual averages. 941 
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 943 

 944 

Figure 6. (a) Monthly mean precipitation, maximum and minimum air temperature 945 

during baseline period (1976–2015). (b) Projected changes in ensemble monthly mean 946 

precipitation, (c) maximum and (d) minimum air temperature during the near future 947 

(NF, 2020–2059) and far future (FF, 2060–2099) periods under RCP 2.6, 4.5, and 8.5 948 

relative to baseline. 949 
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 951 

 952 

Figure 7. Ensemble values of annual mean AET (actual evapotranspiration), soil water, 953 

and water yield under three RCPs during the future period of 2020–2099. The green 954 

and red lines represent the near future (NF, 2020–2059) and the far future (FF, 2060–955 

2099) periods, respectively. The shading area denotes the ±1 standard deviation range 956 

of model annual averages. 957 
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 959 

 960 

Figure 8. (a) Monthly AET (actual evapotranspiration), soil water and water yield 961 

during the baseline period (1976–2015) and the projected monthly changes in (b) AET, 962 

(c) soil water, and (d) water yield during the near future (NF, 2020–2059) and the far 963 

future (FF, 2060–2099) periods under the RCP 2.6, 4.5, and 8.5 relative to baseline in 964 

the HYRB. 965 

  966 



 52 / 57 

 

 967 

 968 

Figure S1. Temporal changes in annual precipitation, maximum temperature, minimum 969 

temperature, wind speed, relative humidity, and solar radiation in the headwater area of 970 

the Yellow River Basin (HYRB) during 1966–2015. 971 
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 973 

Figure S2. Bilinear-interpolation schematic diagram. 974 
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 976 

Figure S3. Comparison of observed and GCM-derived (a) monthly precipitation, (b) 977 

maximum and (c) minimum temperature in the HYRB during 1986 and 2015.  978 
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 980 

Figure S4. The difference of AET (actual evapotranspiration) between near future 981 

(2020–2059) and historical period, far future (2060-2099) and historical period under 982 

the RCP 2.6, 4.5, and 8.5. 983 

984 
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 985 

 986 

Figure S5. The difference of soil water between near future (2020–2059) and historical 987 

period, far future (2060–2099) and historical period under the RCP 2.6, 4.5, and 8.5. 988 
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 991 

Figure S6. The difference of water yield between near future (2020–2059) and historical 992 

period, far future (2060–2099) and historical period under the RCP 2.6, 4.5, and 8.5. 993 

 994 
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