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Abstract: Climate change has significantly impacted the water resources and conservation area of 
the Yellow River basin. The Upper Yellow River basin (UYR), referring to the area above 
Lanzhou station on the Yellow River is the focus of this study, the runoff changes in the UYR 
would greatly impact the water resources in China. Most existing studies rely on a single 
hydrological model (HM) to evaluate runoff changes instead of multiple models and criteria. In 
terms of the UYR, outputs of the previous Coupled Model International Comparison Project 
(CMIP) are used as drivers of HMs. In this study, the weighted results of three HMs were 
evaluated using multiple criteria to investigate the projected changes in discharge in the UYR 
using the Shared Socioeconomic Pathways (SSPs) from CMIP6. The research’s key findings 
include the following: (1) Annual discharge in the UYR is expected to increase by 15.2-64.4% at 
the end of the 21st century under the 7 SSPs. In the long term (2081-2100), the summer and 
autumn discharge will increase by 18.9-56.6% and 11.8-70%, respectively. (2) The risk of 
flooding in the UYR is likely to increase in the three future periods (2021-2040, 2041-2060, 
2081-2100) under all 7 SSPs. Furthermore, the drought risk will decrease under most scenarios in 
all three future periods. The verified HMs and the latest SSPs are applied in this study to provide 
basin-scale climate impact projections for the UYR to support water resource management.  

Keywords: Shared Socioeconomic Pathways (SSPs); Climate Change; Discharge; The Upper 
Yellow River Basin 

1 Introduction 

Global warming will lead to the acceleration of the regional hydrological cycle, which in turn 
will impact regional water resources, river runoff, and terrestrial ecology ( Qin et al., 2021; Zhao 
et al., 2020; Gao et al., 2019; Su et al., 2017). In comparison with before industrialization, the 
temperature of the global surface had increased by 1.05 [0.95-1.20] °C in 2011-2020, and 
2015-2020 were the hottest 5 years on record (IPCC, 2021; Sun, 2021). As far as the global land 
area is concerned, there is no obvious trend in precipitation, but regional precipitation has changed 
in the mid-latitude region in the Northern Hemisphere since 2000 (Stocker et al., 2013). Scientific 
projection of river runoff under a warming climate is the basis for water resource utilization and 
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management and has important significance for flood control, drought relief, and disaster 
reduction (Wang et al., 2018)  

The Upper Yellow River basin (UYR) in China is very sensitive to climate change (Li et al., 
2022; Wang et al., 2018; Houghton et al., 2001). The UYR makes up 28.8% of the catchment area 
of the Yellow River basin, and is a significant water replenishment area and conservation area for 
the entire river basin (Wei et al., 2020; Meng et al., 2016). There are many reservoirs in the UYR, 
but high variability in runoff and precipitation poses a challenge to reservoir operation and 
management. Climate and runoff changes in the UYR under changing conditions have significant 
implications for reducing soil erosion, preventing droughts and floods, and ensuring the 
implementation of the national strategy of "regional ecological protection and high-quality 
development" (Zuo, 2019). 

Hydrological models (HMs) are vitally important tools for studying the effect of climate 
variation on river runoff. The accuracy of hydrological modeling in watersheds is vital to reduce 
the uncertainty in climate change impact assessments. Most existing studies rely on a single HM 
and several hydrological criteria to evaluate runoff changes (Chen et al., Zhao et al., 2020; Qin, 
2019; Höllermann et al., 2017; Huang, 2014). However, compared with a single HM, the result of 
the multi-HM simulation is more in line with the actual conditions of a basin. The most commonly 
used multi-HM simulation is based on the arithmetic mean or median (Gao et al., 2019; Su et al., 
2017; Vetter et al., 2015) and simply ignores the differences among HM performances. Some 
scholars suggest assigning different weights to HMs to reduce the model-related uncertainty in the 
climate impact assessment by utilizing a comprehensive assessment method (Arsenault et al., 2015; 
Shamseldin et al., 2007). Furthermore, the performances of HMs should be evaluated at different 
river sections in the basin, not only at the outlet (Krysanova et al., 2018). Several studies are 
calibrating and verifying HMs by multisite, multivariable, and multistandard simulations, and 
achieving remarkable results (Wen et al., 2020; Puertes et al., 2019; Eghdamirad et al., 2019). 
Therefore, multisite, multivariable, and multistandard simulations are used in this study to 
calibrate and verify HMs in UYR. 

As a driver of HMs, climate scenarios exert a principal role in investigating the effect of 
climate change on river basin runoff. In the past thirty years, climate models have made 
considerable progress (Gao et al., 2019; Huang et al., 2018; Torres and Marengo, 2014; Lambert 
and Boer, 2001). The Coupled Model International Comparison Project (CMIP) has constructed 
the most extensive climate model database to date (Zhou et al., 2019). It provides an irreplaceable 
scientific basis for the projection of climate change, including comprehensive overviews of 
possible changes in future climate under different designed emission scenarios by the assessment 
report series of the Intergovernmental Panel on Climate Change (IPCC) (Taylor et al., 2012; 
Vuuren et al., 2011). CMIP6 combines previous Shared Socioeconomic Pathways (containing 
SSP1: Sustainability; SSP2: Middle of the Road; SSP3: Regional Rivalry; SSP4: Inequality; 
SSP5) with Representative Concentration Pathways (RCPs) to form new SSPs (containing 
SSP1-1.9, SSP1-2.6, and SSP2-4.5, SSP3-7.0, SSP4-3.4, SSP4-6.0 as well as SSP5-8.5) (O'Neill 
et al., 2016). Not only the possible social and economic development scenarios are considered, but 
also the changes in future radiation forcing from low to high are covered by the latest SSPs. It is 
an ideal choice for climate change-related researches (Gidden et al., 2019) General Circulation 
Model (GCM), the output content of different stages of CMIPs has long been the core of climate 
change research. Now, previous studies on runoff in the UYR were principally determined by the 



outputs of CMIP3 together with CMIP5 (Zhou et al., 2019; Yan, 2017; Chen, 2017; Kang et al., 
2015). The results show that relative to the 1971-2000 period, as of the mid-21st century, runoff is 
expected to increase by approximately 2.7-17% under the representative concentration pathways 
(RCPs), which describe different trajectories for carbon dioxide emissions. 

Intending to ensure that climate impact investigations meet the requirements of stakeholders 
for reliable information at the regional level, verified HMs and the latest SSPs should be used to 
provide basin-scale climate impact projections (Vetter et al., 2015). However, to date, no similar 
research has been conducted in the UYR. Therefore, we have conducted a comprehensive 
assessment of the Soil Water Assessment Tool (SWAT) (Arnold et al., 1998), Hydrologiska Byråns 
Vattenbalansavdelning model (HBV) (Krysanova et al., 1999; Bergström et al., 1973), and 
Variable Infiltration Capacity model (VIC) (Xu et al., 1994) based on observed data in the UYR to 
parameterize HMs, and subsequently, HMs are further driven by the five climate models from the 
latest CMIP6 to simulate future discharge to study the climate change impacts on annual, seasonal 
and extreme discharge under SSPs. This study is expected to compensate for the discharge 
simulation with verified HMs and CMIP6 projection under the latest SSPs in the context of 
climate change in the UYR. Other comparable studies in various basins with similar climatic and 
hydrological conditions can take this study as a reference. 

2 Study Area and Data 

2.1 Study area 

The area located in the UYR above the Lanzhou Hydrological Station (32.4°- 41.8°N, 95.8°- 
112.0°E), which includes a watershed area of 21.6 × 104 km2, is selected in this study. It accounts 
for approximately 28% of the whole Yellow River basin and provides 54% of the river runoff at 
the outlet of the Yellow River basin. With abundant streamflow, the UYR represents a source of 
clear water and the main water storage area of the Yellow River (Zhou et al., 2019; Chang et al., 
2017). The JiMai, MaQu, TangNaihai, and LanZhou hydrological stations represent basin areas of 
approximately 4.5×104 km2, 8.6×104 km2, 12.2×104 km2, and 21.6×104 km2, respectively, in the 
UYR (Fig. 1). 

Most of the UYR is located in arid and semiarid regions, with complex topography ranging 
from 1,514 to 6,217 m. The annual mean temperature can reach 3.98°C, while the annual 
precipitation is approximately 461.9 mm in the UYR (1961-2018). The climate in the UYR is 
affected by the southwest monsoon, southeast monsoon, and Qinghai-Tibet Plateau and is 
sensitive to climate change. The flood season is from May to September, and rainfall during the 
flood season accounts for approximately 82% of the annual total. The UYR is of strategic 
significance for the sustainable development of the Yellow River basin and China as a whole. 



 

Fig. 1 Location of 4 hydrological stations and 53 meteorological stations in the Upper Yellow River basin 

 

2.2 Data 

2.2.1 Observed data 

The Observed daily meteorological data observed at 53 ground-based stations from 1961 to 
2014 in the UYR, which are quality controlled by considering changes in instruments and 
locations, are offered by the National Meteorological Information Centre of China Meteorological 
Administration. 

The daily discharge data for the period 1961-2014 at the LanZhou, TangNaihai, MaQu, and 
JiMai stations were obtained from the China Hydrological Yearbook-Yellow River. Data between 
1962 and 1968, when human influences on river runoff were comparatively less, were utilized for 
calibrating and validating three selected HMs (i.e., SWAT, HBV-D, and VIC). 

The digital elevation model (DEM) used in this study, the resolution is 90 m, it co
mes from the Shuttle Radar Topography Mission (SRTM) (http://srtm.csi.cgiar.org/) and wa
s produced by processing radar images. The data of land use (where the resolution is 1 k
m) are acquired from the Resources and Environmental Science Data Center, Chinese Aca
demy of Sciences (http://www.resdc.cn), Soil data with a resolution of 1 km were taken fr
-om the Harmonised World Soil Database (HWSD) (http://www.fao.org/soils-portal/data-hub/
soil-maps-and-databases/harmonized-world-soil-database-v12/en/), which was established throu
-gh the Food and Agriculture Organization (FAO) of the United Nations and the Internatio
nal Institute for Applied Systems in Vienna (IIASA) and adopted the FAO-90 soil classific
ation system. 

2.2.2 Climate model data 

Climate change characteristics for historical and future periods were analyzed in the UYR by 

using 5 GCM outputs from the latest CMIP6. For these data, average temperature, daily 
precipitation, minimum and maximum temperature covering the historical period (from 1995 to 
2014) along with future period (from 2015 to 2100) under all seven SSPs were collected. At the 
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time of writing, all variables required by the seven SSPs were available from a total of 5 models, 

namely, IPSL-CM6A-LR, CNRM-ESM2-1, and CanESM5, MRI-ESM2-0 as well as MIPOC6 

(Table 1). In the current paper, the future climate variation in the UYR and its impact on discharge 

are assessed in three time periods: from 2021 to 2040 (near-term), from 2041 to 2060 

(medium-term), and from 2081 to 2100 (long-term) relative to the reference period (from 1995 to 

2014). Due to the large differences in their resolutions, the GCM outputs were downscaled and 

bias corrected through inverse distance weighting (IDW) interpolation and equidistant cumulative 

distribution functions (EDCDF) methods (Li et al.,2010; Franke et al.,1982). For comparison 

purposes, the spatial resolution for all the output data of GCM had been downscaled to 0.5°×0.5°. 

Table 1 A brief overview of the 5 GCMs from CMIP6 

Model name Institution with country 

Original horizontal 

resolution 

(Longitude×Latitude) 

Resolution after 

downscaling 

(Lon×Lat) 

CanESM5 

Canadian Centre for Climate Modelling 

and Analysis, Environment and Climate 

Change, Canada 

~2.8×2.8 0.5×0.5 

CNRM-ESM2

-1 

Centre National de Recherches 

Meteorologiques- Centre Europeen de 

Recherche et de Formation Avancee en 

Calcul Scientifique 

(CNRM-CERFACS), France 

2.5×1.2676 0.5×0.5 

IPSL-CM6A-

LR 
Institut Pierre Simon Laplace, France 2.5×1.2676 0.5×0.5 

MIROC6 
Japan Agency for Marine-Earth Science 

and Technology, Japan 
1.4063×1.4 0.5×0.5 

MRI-ESM2-0 
Meteorological Research Institute, 

Japan 
~1.125×1.12 0.5×0.5 

 

The combination of climate policies and SSPs produces various outputs at the end of this 
century. The radiative force in 2100 is 1.9, 2.6, 3.4, 4.5, 6.0, 7.0, or 8.5 watts each square meter 
(Vuuren et al., 2011; O'Neill et al., 2016; Hausfather and Peters, 2020). Among the 7 SSPs in 
CMIP6, SSP4-3.4, SSP1-2.6 along with SSP1-1.9 are low radiative forcing scenarios, SSP2-4.5 
and SSP4-6.0 are the medium radiative forcing scenarios, SSP3-7.0 represents the medium and 
high end of future warming and emissions (“Possible futures”), while SSP5-8.5 is a high radiative 
forcing scenario, which is regarded as the highly unlikely approach and is wrongly assumed to be 
“business as usual” (Hausfather and Peters, 2020). 

3 Methodologies 

3.1 Hydrological models 

Three HMs, namely, SWAT, HBV-D, and VIC, were applied to the simulation of daily 
discharge at the LanZhou, TangNaihai, MaQu, and JiMai hydrological stations. The three HMs 
have been successfully applied to climate impact studies in many regions with different 
hydroclimatic statuses (Gao et al., 2019). 

http://www.baidu.com/link?url=VLI2exyo2Vu06vQd6-t990_eAykyKhehsm2JsqJXM6AV9kQWnyqY3c_ltN02Y66aUbsYqGNntxt-p6gCmp9yFVaQOLP6Oo52IsNEp8Sr9Hi&wd=&eqid=93978235000658420000000463228b41


SWAT is a continuous-time semi-distributed process-based HM, which describes the main 
hydrological processes at the river basin scale. The following water balance equation is used in 
SWAT (Arnold et al., 1998): 


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In this equation, all variables are in millimeters (mm), except that t represents time with the 
unit ‘day’. SWt means the final soil moisture. SW0 is the initial soil moisture content on the day i. 
Rday, Qsurf, Ea, Wseep, Qgw represent the precipitation, surface runoff, evapotranspiration, amount of 
water entering the vadose zone from the soil profile, and return runoff on the day i, respectively. 

As a precipitation-runoff model, HBV-D describes the processes of runoff generation via 
simple and robust structures, which are mainly driven by topography and climate. The total water 
balance equation of HBV-D is as follows (Bergström et al., 1973): 

][ lakesLZUZSMSP
dt

d
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In this equation, P means precipitation, E means evapotranspiration and Q means runoff. 
Respectively, SP, SM, UZ, LZ, and lakes represent snow cover, soil water content, surface 
underground aquifer, deep underground aquifer and lake water volume. 

VIC is a semi-distributed hydrological model for large-scale applications. The land surface 
processes are modeled at a grid of large cells, and statistical distribution functions are used to 
handle the heterogeneity of the sub-grid. Through variable infiltration curve, parameterization of 
sub-grid variability in soil moisture holding capacity and nonlinear base flow, the runoff processes 
are represented. The routing of water flow is performed after processes in grid cells are simulated. 

The property of these HMs was tested by the processes of validation and calibration in the 
historical period utilizing the comprehensive model evaluation method (Krysanova et al., 2018; 
Wen et al., 2020), which includes the following steps: 
(1) The quality of the meteorological input data (including temperature and precipitation) is 

checked. 
(2) In the basin, four hydrological stations are calibrated and validated simultaneously to ensure 

the consistency of the internal nature of the basin. The performances of the 3 HMs in the 
historical period are evaluated according to the comparison of the simulation with 
observations. The closer the relationship between them is, the more acceptable the model 
parameterization results are. 

(3) The ratio of root mean square error to standard deviation of observation (RSR), the 
Kling-Gupta efficiency (KGE) as well as Nash-Sutcliffe efficiency (NSE) were used to 
evaluate the performances of the 3 HMs (i.e., goodness-of-fit criteria). RSR≤0.6, KGE≥0.7, 
and NSE≥0.7, these values are regarded as key thresholds for ‘good’ property (Moriasi et al., 
2007; Gupta et al., 2009; Ritter and Munoz, 2013; Gao et al., 2019). 
 

3.2 Determination of weight of HMs 

In the case of a large difference in the outputs of HMs, the weighting of HMs has the 
advantage of increasing the contribution of the models that have better performances than others 
(Dawson et al., 2012; Wang et al., 2016). The weight assigned to each model can be determined by 



the following equation: 𝑘 = 𝑁𝑆𝐸 + 𝐾𝐺𝐸                           (3) k = (1 −  ∑t=1N (Qs,t−Qo,t)2∑t=1N  (Qs,t−Q‾ o)2 + 1 − √((r − 1)2 + (β− 1)2 + (γ− 1)2)       (4) 

wi = kiα∑i=1N  (kiα)  (i ∈ 1,2,3)                       (5) 

where N represents the number of HMs (N = 3); Qo and Qs respectively denote the observed and 
simulated discharge; r represents the correlation coefficient between the measured discharge and 
simulated discharge; γ and β are the variability ratio and bias ratio; k represents the sum of NSE 
and KGE; α=0,1,2,3,4; and wi is the weight. In the calculation process, the artificial trial and error 
method is used to test the weight results. Through the test, it is determined that the simulation 
result is the best when α = 2, and these weights are used to project the future discharge change in 
the basin. 
 

3.3 Trend detection method 

The Mann-Kendall test is a nonparametric method often used for determining the trend and 
the importance of changes in climate and hydrological time series (Hamed and Rao, 1998; Mann, 
1945; Moran, 1951). This method is chosen in this study to detect the significance of the trends of 
temperature, precipitation, and discharge in the UYR. When | Z | ≥ 1.64 (1.96, 2.58), there is a 
significant trend at the 0.1 (0.05, 0.01) significance level. 

A Taylor diagram (Taylor et al., 2001) can represent the ratio of the central root mean square 
error, standard deviation, and correlation coefficient R to assess the model simulation property. In 
a standardized Taylor diagram, the radial length from origin denotes the ratio of the model to the 
observed standard deviation; The closer the model is to 1, the better the simulation ability is. The 
root mean square error is represented by a semicircle with the observation point as the center, with 
the closer the mode point comes to the observational point, the smaller the gap is. The azimuthal 
position indicates the correlation coefficient, and the closer the mode point is to the observation 
point, the higher the correlation coefficient between them. 

When the daily discharge series is arranged from large to small, Q10 and Q90 represent 10% 
and 90% of the daily average discharge sequence, respectively, and the discharge beyond this 
value reflects the high flow and low flow, respectively. 

4 Results 

4.1 Evaluation of climate and hydrological models 

4.1.1 Performance of the climate models 

Bias-corrected model results show that the annual precipitation in the UYR for 1995-2014 is 
503.6 mm by the multimodel ensemble, slightly higher than the observed annual precipitation of 
502.1 mm. Meanwhile, the observed and simulated annual mean temperatures respectively are 
-0.13°C and -0.56°C. 

At the seasonal scale, the mean temperature by the multimodel ensemble mean is 0.47℃ 



lower than the observations in spring, 0.38℃ lower than those in summer, 0.39℃ lower than those 
in autumn, and 0.3℃ lower than those in winter. The GCMs also simulate the intra-annual 
distribution of precipitation quite well, with correlation coefficients between the observed and 
modeled precipitation of approximately 0.9 for each month between 1995 and 2014. 

After bias correction, simulated temperature and precipitation match with observations better 
than the original model outputs (Fig. 2). It also can be seen that the correlation between the 
modeled temperature (precipitation) by the multimodel ensemble and the observations is much 
higher than that of a single climate model. According to the Taylor diagram, the ratio of the 
multimodel ensemble median of the temperature (precipitation) to the standard deviation of the 
observed is close to 1. The root mean square error between the multimodel ensemble median and 
the observed value is smaller than that between a single model and the observed value. In short, 
the multimodel ensemble median of monthly temperature (precipitation) is better than that of a 
single model simulation, with correlation coefficients above 0.9, root mean square errors less than 
0.2 (0.4), and standard deviation ratios of approximately 1. Considering these three aspects, the 
multimodel ensemble median will be applied in this study to analyze the local climate change and 
climate change impacts. 

 

Fig. 2 Taylor diagram of CMIP6 modeled and observed temperature (a) and precipitation (b) in the Upper Yellow River basin 

 

4.1.2 Performance of the hydrological models 

The SWAT, HBV-D, and VIC are calibrated and validated by using the observed data. Two 
large reservoirs, the Liujiaxia Reservoir and Longyangxia Reservoir, which together account for 
97% of the regulating capacity in the UYR, started operation in 1969 and 1987, respectively (Jia et 
al., 2019; Peng et al., 2018). The period before 1970, which was less affected by human activities, 
is selected for this study to parameterize HMs, the 1962-1964 period is used as the calibration 
period, and the 1965-1968 period is used for model validation. 

Comparisons between the simulated and observed daily discharge show that the HMs can 
well reflect the dynamic changes in daily discharge at four stations. Among them, simulated 
discharge at the LanZhou, TangNaihai, and MaQu hydrological stations is consistent with 
observations, and the NSE, KGE, and RSR values are 0.7-0.88, 0.70-0.89, and 0.35-0.53 in the 
course of validation and calibration. The property of SWAT was better than those of HBV-D and 



VIC at these three hydrological stations (Fig. 3 and Table 2). 

 

Fig. 3 Observed and simulated daily discharge through the three hydrological patterns (VIC, HBV-D, and SWAT) at the LanZhou, 

TangNaihai, MaQu and, JiMai stations in the Upper Yellow River basin from 1962 to 1968 

 

However, it cannot be ignored that the HMs at the JiMai hydrological station in the 
headwater section have an average performance, with NSE values of 0.67-0.74, KGE values of 
0.67-0.73, and RSR values of 0.5-0.63 in the calibration period and NSE values of 0.5-0.72, KGE 
values of >0.7, and RSR values of <0.7 in the validation period. The VIC model performed 
slightly better than the SWAT and HBV-D models. Previous studies have also shown that the 
simulation results of discharge in the headwaters of the Yellow River are poor, which might be 
related to complex snow and glacier melting processes (Xi et al., 2021). Although the simulation 
results at the JiMai station are of only average quality, the discharge passing the JiMai 
hydrological station accounts for only approximately 11% of the discharge passing the LanZhou 
hydrological station and has little influence on the simulation results by HMs in the UYR. 

Table 2 Evaluation of model property in the validation and calibration process in the Upper Yellow River basin, China 

  Calibration (1962-1964) Validation (1965-1968) 

Criteria Station SWAT HBV-D VIC SWAT HBV-D VIC 

NSE 

LanZhou 0.87  0.76 0.76 0.84  0.76 0.75 

TangNaihai 0.88 0.80 0.74 0.87 0.80 0.73 

MaQu 0.79  0.79 0.72 0.76  0.76 0.7 

JiMai 0.67 0.71 0.74 0.60  0.53 0.72 

KGE 

LanZhou 0.89  0.82 0.8 0.83  0.78 0.79 

TangNaiHai 0.88  0.86 0.75 0.86  0.81 0.76 

MaQu 0.79  0.84 0.72 0.78  0.83 0.7 

JiMai 0.67  0.81 0.73 0.74  0.64 0.71 

RSR 

LanZhou 0.36  0.49 0.49 0.40  0.48 0.47 

TangNaihai 0.35  0.45 0.51 0.35  0.45 0.45 

MaQu 0.46  0.46 0.53 0.49  0.48 0.47 

JiMai 0.63  0.53 0.5 0.57  0.68 0.53 

Notes: NSE = the Nash-Sutcliffe efficiency; KGE = the Kling-Gupta efficiency; RSR represents the ratio of root mean square 

error to the observed standard deviation. 



 

According to long-term mean monthly flow dynamics at the four hydrological stations, the 
observed and simulated discharge show good consistency in the process of validation and 
calibration (Fig. 4). The SWAT and HBV-D models slightly overestimated the discharge in the 
flood season (July to September), but the SWAT simulations in other months were the closest to 
the observed flow, while the VIC model underestimated the monthly discharge to a certain extent. 
From 1962 to 1968, the correlation coefficients between the simulated and observed discharge at 
the four hydrological stations month by month were all above 0.82. In general, from the 
perspective of the distribution within the year and the correlation coefficient of discharge, the 
SWAT performances were better than those of HBV-D and VIC. 

 

Fig. 4 Observed and simulated interannual discharge dynamics for 1962-1968 by the three HMs at the LanZhou, TangNaihai, 

MaQu, and JiMai stations in the Upper Yellow River basin in China 

 

In addition, a comparison of the simulated annual Q10 and Q90 for 1962-1968 with those in 
the observed time series indicated that the Q10 (i.e., high flow) discharge simulated by the three 
HMs show good consistency with the observations, and their correlation coefficients are between 
0.87 and 0.96. However, Q90 (i.e., low flow) is not simulated as well as Q10, with correlation 
coefficients of 0.52-0.66. For low flow values, the HBV-D model performs better than SWAT and 
VIC. SWAT overestimates Q90, while VIC underestimates Q90. In this case, it is necessary to 
apply weights to the HMs (Fig. 5). 



 

Fig. 5 Comparison of the Q10 (a) and Q90 (b) values simulated and observed at the LanZhou, TangNaihai, MaQu, and JiMai 

stations in the Upper Yellow River basin during the calibration (1962-1964) and validation (1965-1968) periods 

 

Based on the performances of the HMs at multiple sites, it is clear that the three HMs can be 
used to simulate discharge in the UYR. In this study, the selected goodness-of-fit criteria are the 
most commonly used criteria for model evaluation, which can reflect the relationship between the 
simulated and observed discharge from many aspects. After a comprehensive evaluation of model 
performance, weights of 40%, 30%, and 30% are assigned to the SWAT, HBV-D, and VIC models, 
respectively, and as a result, a weighted daily discharge sequence can be obtained. The correlation 
coefficients between simulated and observed discharge at the four hydrological stations increase to 
more than 0.88 during 1962-1968. A comparison of the observed Q10 and Q90 with the weighted 
simulation results shows that the model simulation has improved significantly, which is reflected 
in the increase in the correlation coefficient between the simulation and observation and the 
decrease in the extreme deviation between the observation and simulation. At LanZhou station at 
the basin outlet, the deviation of observed and simulated Q10 shrinks from -5.1~-1.6% to -2.1%, 
and the deviation of Q90 shrinks from -60.0~39% to -16.8%. In addition, the correlation 
coefficient between the weighted month-by-month discharge and the simulated discharge is 
greater than 0.88, which exceeds the performance of a single model. In summary, weighting can 
improve the simulation results and reduce the uncertainty (Fig. 6). 



 

Fig. 6 Comparison of the Q10 (a) and Q90 (b) values simulated and observed at the LanZhou, TangNaihai, MaQu, and JiMai 

hydrological stations in the Upper Yellow River basin for the validation (from 1965 to 1968) and calibration (from 1962 to 1964) 

process after weighting 

4.2 Changes in temperature and precipitation in the 21st century 

4.2.1 Annual mean temperature and annual precipitation 

The widely used multimodel median technique is used to analyze the climate changes in the 
UYR under the seven SSPs in the three future periods (i.e., the near-, mid-, and long-term periods). 
Fig. 7 shows that under all the SSPs in the 21st century, the annual precipitation and annual 
average temperature tend to increase, and the trends of warming and humidification become more 
significant at higher radiative forcings. 

The UYR will experience warming throughout the 21st century under SSP1-2.6 and SSP1-1.9 
(low-emission scenarios), with a growth rate of approximately 0.03-0.09°C/10a. The increase rate 
of annual mean temperature will slow down during the mid-term period and then stabilize at 
1.4-1.8°C at the end of the 21st century. Under the medium- and high-emission scenarios 
(SSP4-3.4, SSP2-4.5, and SSP4-6.0, SSP3-7.0 as well as SSP5-8.5), the annual mean temperature 
is expected to rise continuously at a rate of approximately 0.2-0.6°C/10a (Fig. 7a). In the 
medium-term together with long-term periods, with increasing emissions, the annual mean 
temperature will gradually increase, with projected values of 1.6-2.9°C and 1.4-5.5°C, separately. 
At the end of the 21st century, the temperature increase will be more apparent under higher 
emissions (Fig. 7a1). 



 

Fig. 7 The variations in annual precipitation and temperature for 2015-2100 in China’s Upper Yellow River basin under the SSPs 

scenarios. Note: shadow ranges represent the upper and lower quartile ranges of multiple models, and the lengths of black 

vertical lines indicate the same 

 

In terms of annual precipitation, the growth rate is projected to be 1.8-12.3 mm/10a under the 
various emission scenarios in the 21st century. Under the SSP1-2.6 and SSP1-1.9 (low-emission 
scenarios), the increase in precipitation will reach a maximum in the mid-term period (11.2% and 
16.2%, apart respectively, relative to the 1995-2014 period) and then slow down. Under the 
medium- and high-emission scenarios (SSP5-8.5, SSP3-7.0, SSP4-6.0, SSP2-4.5, and SSP4-3.4), 
precipitation will continuously increase by the end of the 21st century (Fig. 7b). In the near and 
middle of the 21st century, the increase in annual precipitation will slow down as increases in 
radiative forcing, except in SSP5-8.5, with increasing precipitation rates of 6.5-10.4% and 
10.5-16.2%, respectively, in the UYR relative to the reference period. Until the end of the 21st 
century, the increase of annual precipitation will naturally enhance with the increasing radiative 
forcing, with increases of 10.2-28.5% under all seven scenarios. Annual precipitation increments 
vary greatly between different radiative forcing (Fig. 7b1). In addition, during all three study 
periods, the increase in precipitation in winter is the greatest under all SSPs. 

4.2.2 Seasonal temperature and precipitation 

Under all SSPs, seasonal temperature and precipitation have a significant upward trend in the 
21st century over the UYR (α<0.1). Projections show that temperature in spring will continue to 
rise throughout the 21st century, while in other seasons, the temperature is expected to reach the 
highest in the middle of the 21st century and then slow down under lower-emission scenarios. 
Under other SSPs, seasonal temperatures will continue to rise. The projections also show that 
precipitation in spring and autumn will continue to increase under all SSPs, while precipitation in 
summer and winter will increase the most in the middle of the 21st century and then slow down 
under SSP1-1.9 and SSP1-2.6 but will continually increase under other SSPs by the end of the 21st 

century. 



 

Fig. 8 The changes in near-, mid-, and long-term seasonal temperature (left) and precipitation (right) in the Upper Yellow River 

Basin under SSPs relative to 1995-2014 (i.e., 2021-2040, 2041-2060, and 2081-2100). Note: the lengths of black vertical lines 

represent the upper and lower quartile range of multiple models 

 

Relative to the 1995-2014 period, in the near future, the seasonal temperature fluctuates with 
increasing radiative forcing. The temperature increase is the largest in autumn, with an increase of 
1.4-2.2℃ under SSP5-8.5, SSP3-7.0, SSP1-2.6, and SSP1-1.9. Under other scenarios, the 
temperature increase is the highest in spring at approximately 1.8°C. In the middle together with 
long-term of the 21st century, the temperature increase is the highest in autumn, i.e., 
approximately 1.8-3.2℃ and 1.5-5.7℃ (Fig. 8 a-d). 

Relative to the reference stage, except SSP5-8.5, summer precipitation enhancement will 
slow down with the increase in radiative forcing, increasing by 3.2-6.2% and 3.3-8.3% in the near- 
and mid-term, respectively, while precipitation increases in other seasons will fluctuate with the 
increase in radiative forcing. In the long-term stage, the increasing summer precipitation is 
relatively less under low and high radiative forcings and is the greatest under medium radiative 
forcing. However, the precipitation increase in other seasons is greater with increasing radiative 
forcing (Fig. 8 a1-d1). 

4.3 Changes in river discharge under SSPs 

4.3.1 Annual discharge 

Based on the performance of HMs, different weights are assigned to each HM to obtain a 
multimodel-weighted ensemble. Fig. 9 shows that under all seven SSPs, the annual discharge will 
significantly increase during the 21st century over the UYR (α<0.01). Under SSP1-2.6 and 
SSP1-1.9, the annual discharge will peak in the mid-term with maxima of 1,130.0 m3/s and 
1,162.6 m3/s, and will slow and stabilize at 1,097.0 and 1,123.7 m3/s in the long term. Under 
SSP2-4.5, the increase in discharge during the near- to mid-term period will slow down but will 
continue to rise later and reach 1,236.9 m3/s by the end of the 21st century. Under other scenarios,  
the annual average discharge will rise continuously in all three periods and reach 1,203.3, 1,242.4, 
1,331.2, and 1,482.1 m3/s by the end of the 21st century (Fig. 9a). 



 
Fig. 9 Annual mean discharge under SSPs in the Upper Yellow River basin in China from 2015-2100.  Note: shadow ranges 

represent the upper and lower quartile ranges of multiple models, and the lengths of black vertical lines indicate the same 

 

To quantitatively reflect the changes in discharge in the next three periods under the SSPs, we 
analyzed the percentage change in discharge compared with a reference stage (Fig. 9b). In the near 
term, the annual mean discharge growth rate difference between high and low radiative forcings is 
small in the UYR, with an increase of 9-20% relative to the reference stage. In addition to 
SSP5-8.5, the higher the radiative forcing, the smaller the discharge growth. The mid-term period 
features an increase of 10.2-27.9% relative to the reference stage. Except for SSP5-8.5, the 
maximum emission scenario, the higher the radiative forcing is, the smaller the discharge increase. 
In the long term, the projected increase is 15.2-64.5%, but under different scenarios, the change in 
discharge growth is different from that in the previous two periods (Fig. 9b). The higher the 
radiative forcing is, the greater the discharge increase, and the difference in discharge significantly 
increases between different emission scenarios over time. The change in discharge growth in the 
three periods is highly similar to that of the annual precipitation increase in the same period. 

4.3.2 Seasonal discharge 

Under all the SSPs in the 21st century, seasonal discharge in the UYR has a significant 
upward trend. According to SSP4-6.0, SSP2-4.5, SSP4-3.4, SSP1-2.6 and SSP1-1.9, the maximum 
discharge increase is expected to be in spring and will increase by the end of the 21st century; 
Under SSP5-8.5, and SSP3-7.0, the increasing seasonal discharge will be the largest in spring in 
the near and middle term of the 21st century but will change to autumn until the end of the 21st 
century (Fig. 10). 

 



 

Fig. 10  Compared with the reference stage (from 1995 to 2014), the changes in summer discharge and autumn discharge in the 

Upper Yellow River basin under seven SSPs in the near, middle, and late 21st century. Note: shadow ranges represent the upper 

and lower quartile ranges of multiple models, and the lengths of black vertical lines indicate the same 

 

The observed discharge in summer and autumn in the UYR from 1961 to 2007 accounted for 
approximately 67% of the annual discharge, so the change in discharge in these two seasons was 
analyzed specifically. Fig. 10 a1-b1 shows the percentage change in summer and autumn 
discharge in the UYR compared with the reference stage. In the near- and mid-term periods, 
except for SSP5-8.5, the increase in summer discharge will fluctuate and slow down, increasing 
by 6.4-17.4% and 11.5-18.4%, respectively, with increasing radiative forcing. However, in the 
long term, the discharge will continue to increase with increasing radiative forcing, rising by 
18.9-56.6%. For the amplification of autumn discharge, with the exception of SSP5-8.5, it will 
move towards mitigation in the near term, and yet in the medium term, discharge will increase 
slowly with the increase in radiative forcing, increasing by 12.8-18.5% vs. base period. Discharge 
in the long term is to be projected to increase continuously with increasing radiative forcing, 
which will reach 11.8-70% under the SSPs. 

The annual discharge in the UYR is expected to increase significantly during the 21st century, 
which has great implications for mitigating water shortages in the UYR. 

4.3.3 Discharge extremes 

The variation in quantile discharge over the UYR under the SSPs in the next three stages 
compared with the reference period is revealed in Fig. 11. This figure shows that in the 21st 
century, high flow (Q10) of UYR is expected to increase, and thus, the possibility of flooding in 
the UYR might increase. In the near term, the increase in Q10 is between 9.4% and 19.9%. The 
change in the extreme value of Q10 in different scenarios is similar to the annual precipitation 
change in the same stage, and the differences are small. In the mid-term, Q10 increases with 
fluctuations of 12.3%-24.7% under all SSPs. In addition, under SSP5-8.5, the increase in Q10 
slows with increasing radiative forcing. Note that the possibility of flooding in the lowest 
emissions will be the highest. In the long term, the Q10 value increases continuously from low- to 
high-emission scenarios and reaches the greatest increase of 53.4% under SSP5-8.5 (Fig. 11a). 



 

Fig. 11 The change of percentage in low flow (Q90) and high flow (Q10) for the near-, mid-, and long-term periods in China’s 

Upper Yellow River basin under 7 SSPs scenarios (relative to the reference period, from 1995 to 2014). Note: the lengths of 

black vertical lines represent the upper and lower quartile ranges of multiple models 

 

Under SSP5-8.5, SSP4-6.0, SSP2-4.5, and SSP1-2.6, the Q90 value is higher than that in the 
reference period in all three future periods, indicating that the drought risk in the UYR might be 
reduced. However, Q90 will decrease by 5.9% and 0.8% under SSP4-3.4 and SSP3-7.0, 
respectively, in the near future and will decrease by 1.3% and 5%, respectively, under the 
SSP1-1.9 and SSP3-7.0 scenarios in the mid-term. These results indicate that there is the 
possibility that the drought risk in the UYR will increase. 

5 Discussion 

Previous studies in the UYR found that relative to 1971-2010, the annual mean temperature 
is expected to warm by 1-1.6°C in the mid-term and annual precipitation is expected to increase 
by 4.3-5.7% in the same period under RCPs. Moreover, annual mean temperature and annual 
precipitation will increase by 2.1-3.8°C and 6-8% respectively compared with that in 1971-2000 
in the long-term (Chen, 2017; Kang et al., 2015; Wei et al., 2016). The current study shows that 
relative to baseline period 1995-2014, the annual mean temperature is projected to increase by 
1.6-2.9°C and 1.4-5.5°C in the mid-term and long-term periods, respectively, and annual 



precipitation will increase by 10.5-16.2% and 10.2-28.5% in the mid-term and long-term, 
respectively, under SSPs. Both of annual mean temperature and annual precipitation are 
significantly higher than the results of existing studies under RCPs. 

In terms of streamflow, previous studies projected an increase of the annual discharge by 
2.6-8.1% in the mid-term but decrease by 2-5% in the long-term under RCPs, relative to 
1971-2000 (Chen, 2017; Kang et al., 2015; Wei et al., 2016). Under SSPs, a persistent increase of 
annual mean discharge by10.2-27.9% and 15.2-64.5% is projected in the mid-term and long-term, 
respectively, relative to 1995-2014. 

The differences in relative changes in future temperature, precipitation, and discharge exist 
due to the selection of the different reference periods, GCMs, and climate scenarios (Wang et al., 
2020; Wei et al., 2016). The current study analyzes future hydro-climate trends in the three time 
periods based on the CMIP6 updated climate models and scenarios. To distinguish the effects of 
different radiative forcings, CMIP5 requires that the differences between radiative forcings in 
different RCPs are large enough in 2100 (Vuuren et al., 2011), which inevitably ignores the 
influence of small differences in radiative forcing levels on the trend and amplitude of factor 
changes (Zhang et al., 2019). The CMIP6 experiment maintains four classical CMIP5 emission 
paths, and simultaneously, adds three more emission scenarios, SSP3-7.0, SSP4-3.4, and SSP1-1.9. 
The smaller global average radiative forcing difference makes the research results more refined 
and compensates for the radiative forcing gap of the CMIP5. It is worth noting that in the near- 
and mid-term, except for SSP5-8.5, increasing scope in annual precipitation and discharge in the 
UYR relative to the reference stage will be reduced under the low to the high radiative forcing 
scenarios. 

6 Conclusions 

In this paper, five GCMs from CMIP6 were bias-corrected and downscaled to study the 
climate change and discharge change in the UYR under 7 SSPs (namely, SSP1-1.9, SSP1-2.6, 
SSP2-4.5, SSP3-7.0 and SSP4-3.4, SSP4-6.0 as well as SSP5-8.5). Three HMs (SWAT, HBV-D, 
and VIC) driven by the GCMs are used to simulate discharge at the LanZhou, TangNaihai, MaQu 
and JiMai hydrological stations in the UYR from 1995 to 2100 based on parameters calibrated and 
validated in historical periods. This paper comprehensively evaluates the applicability of HMs to 
ensure the reliability of hydrological simulations. The changes in temperature, precipitation, and 
annual, seasonal, and daily discharge extremes in the UYR under the seven SSPs in three future 
periods are summarized as follows: 

1) Under the SSPs, the UYR will experience significantly warmer and wetter conditions in 
the 21st century. Seasonal temperature and precipitation over the UYR will have a significant 
upward trend during the 21st century. The largest temperature increase in the three future periods 
will be mostly in autumn. Most seasonal precipitation will increase with the increase of radiative 
forcing throughout the 21st century except summer precipitation which decreases with the 
increase of radiative forcing in the near- and mid-term. 

2) Annual discharge is projected to increase significantly (α< 0.01) during the 21st century 
over the UYR. Under all SSPs, in the three future periods, the maximum increase in discharge is 
expected to occur in spring mostly. In the near- and mid-term periods, except under SSP5-8.5, the 
increased rates of annual discharge and summer discharge will slow down with the increase of 
radiative forcing. In the long term, summer discharge will be highest under SSP2-4.5, but the 



increase in annual and other seasonal discharge will accelerate with the increase of radiative 
forcing. 

3) Flood risk will increase over the UYR during the entire 21st century. Relative to the 
reference stage, the drought risk in the 21st century will be reduced under the four upgraded 
CMIP5 scenarios. Under the three new scenarios, there are situations where the risk of drought 
might increase in the near- and mid-term periods. 

It is essential to note that impacts of climate change on streamflow in this paper are 
investigated under the assumption that the optimal parameters calibrated/validated in the historical 
period remain valid in the future. Besides, climate models, the parameterization process of 
hydrological models, and human interferences on river regime all introduce uncertainties that 
affect the research results. Although multiple climate and hydrological models and new scenarios 
applied in the current study can improve the projection of hydro-climatic conditions in future to a 
certain extent, there are still large uncertainties. In next step, more reliable climate models, more 
effective parametric schemes for HMs, and more consideration for human activities are needed to 
reduce the uncertainty of projection.  

The current study deepens the research on discharge simulation and projection in the UYR in 
the context of climate change and can be used as a reference study for various basins with similar 
climatic and hydrological conditions to calibrate and verify HMs and assign weight to each model. 
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