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Abstract
The inland river basins of northwestern China are structured as mountain-basin systems. Water resources originate in the 
flow-producing area (FPA), are utilized and operated in the oasis area and are dissipated in the desert area. In this study, 
a Soil and Water Assessment Tool (SWAT) model was constructed in the Manas River Basin (MRB) FPA. Meanwhile, it 
simulated climate change and runoff evolution trends in the FPA of the MRB under different four climate change scenarios 
of Coupled Model Intercomparison Project Phase 5. The main findings showed that (1) the years 1979–1980 were chosen 
as the model warm-up period, 1979–2000 as the model calibration period and 2001–2015 as the model validation period to 
complete the construction of the SWAT model for MRBFPA. From 1981 to 2015, three performance parameters indicated 
that the model accuracy meets the requirements (NSE = 0.81, R2 = 0.81 and PBIAS = 1.44) and can be used for further stud-
ies; (2) the hydrological elements (e.g. runoff, potential evapotranspiration, evapotranspiration, soil water content, snowmelt) 
in the MRBFPA were analysed by the constructed SWAT model; (3) the climate change in the MRBFPA is close to the 
RCP 8.5 scenario, and the future changes in water resources under this scenario will range from 659 to 2308 (million)m3. 
Compared to the multi-year historical mean value (12.95 ×  108  m3), the future fluctuation in the amount of water resources 
available in this basin is increasing.
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Introduction

Water resources are particularly important to human soci-
ety and the natural environment. As a result of socioeco-
nomic development and the construction of water resources 
projects, the total amount and manner of water extraction 
and use by human beings have changed (Hu, 2021). Since 
the industrial revolution, global warming has accelerated 
or slowed down regional water cycle processes. The mani-
festations are different in different regions: frequent heavy 
rainfall and flooding (Tian, 2023), accelerated melting of 
glaciers and snow (Sorg, 2012), frequent heat waves and 
droughts (Gu, 2023; Williams, 2022) and degradation of 
ecosystems (Guglielmi 2022). At the same time, changes 
in the subsurface affect the flow-producing process, and 
the construction of reservoirs, dams and canals changes the 
catchment process. Therefore, a deep understanding of the 
local hydrological cycle is necessary to provide theoretical 
support for improved water resource management.

Climate change has an impact on water resources forma-
tion through its influence on mountain ice melt, snowmelt 
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and precipitation. On the other hand, socioeconomic devel-
opment also has a huge impact on water demand. According 
to the Fifth Assessment Report of the Intergovernmental 
Panel on Climate Change (IPCC AR5), the average global 
temperature rose by 0.85 °C between 1880 and 2012 (Inter-
governmental Panel on Climate Change, 2018). From 1951 
to 2020, the average annual surface temperature in China 
showed a significant upward trend, with a warming rate of 
0.26 °C/decade, significantly higher than the global aver-
age (0.15 °C/decade) during the same period; the average 
annual precipitation in China showed an increasing trend, 
with an average increase of 5.5 mm (Center on Climate 
Change, CMA, 2020). In contrast, the NWC is highly sensi-
tive to global climate change. Since 1961, when meteoro-
logical observations became available, the rate of increase 
in temperature in the NWR has been 0.333 °C/decade; the 
average precipitation increase trend has been 8.8 mm/dec-
ade (Yi Liu 2019). A cautionary note is that the increase 
in temperature in the NWC far exceeds the global average, 
and the resulting potential evapotranspiration continues to 
increase, far exceeding the increase in precipitation in some 
regions, leading to more severe aridification in these regions, 
and more dehydrated (Thomas 2000; Geng et al. 2016; Li 
et al. 2018b).

Water resources are a strong constraint on socioeconomic 
development in the arid regions of northwest China (NWC) 
(Kang et al. 2017), especially with the rapid expansion of 
oasis agriculture in recent decades, with agricultural irriga-
tion accounting for more than 85% of total water consump-
tion in the basin (Mingjiang 2018; Water Resources Depart-
ment of the Ministry of Water Resources 2021). Irrational 
irrigation patterns, inadequate water facilities and rapid 
expansion of crop areas have exacerbated water scarcity, 
with agricultural water seriously crowding out ecological 
water, causing widespread ecological degradation and river 
cut-off problems (Li et al. 2018a; Cheng and Li 2018).

The MRB is a typical basin in the NWC. For more than 
50 years, the MRB has seen the construction and renovation 
of a large number of hydraulic projects about agricultural 
irrigation: conversion of natural rivers into channels and 
extensive construction of reservoirs. Grasslands/wetlands 
were converted into arable land through the promotion of 
irrigation (He et al. 2018). In recent years, however, studies 
have shown that the ecology of the MRB is in a precari-
ous state, and the ecological environment continues to dete-
riorate (Yang et al. 2019, 2020). This is because humans 
have seized ecological water resources for socioeconomic 
development (Ling et al. 2012; Yang et al. 2017). With this 
irrational allocation, the impact of climate change on the 
amount of water resources may cause an ecological disaster. 
The MRB flow-producing area, as the main source of sup-
ply of water resources in the basin (Liu et al. 2019; Gu et al. 
2020), must be clarified in terms of the response of its runoff 

to climate change. This is a prerequisite for the rational use 
of water resources in the basin.

The previous studies about hydrological process in the 
MRB mainly focused on the interrelationship between run-
off and climate change. The study of the mechanisms that 
reveal the response of runoff to climate change in the flow-
producing areas of the MRB, however, is not yet completed. 
When we want to simulate and analyse the changes in runoff 
and water resources in the MRBFPA, more detailed climate 
change scenarios should be considered. Therefore, in this 
study, the aims are as follows: (1) the SWAT model for the 
MRBFPA is constructed; (2) the hydrological components 
of the MRBFPA are analysed; and (3) the four main climate 
change scenarios (RCP 2.6, 4.5, 6.0 and 8.5) in CMIP 5 are 
used to analyse the runoff response and future changes in 
available water resources.

Method and data

Overview of the study area

The MRB lies at the heart of the Eurasian continent. It is 
also the core of the economic development zone on the 
northern slopes of the Tian Shan Mountains. The MRB 
extends from the Ilian Habir Ga Mountains in the south to 
the southern edge of the Gurbantunggut Desert in the north, 
and is bordered on the east and west by the Tasi River Basin 
and the Bayingou River Basin, respectively. Its geographical 
range is from 43°07′N to 45°51′N and 85°01′N to 86°35′E 
(Fig. 1). The Manas River flows into the Junggar Basin from 
the basin's FPA, gathering tributaries such as the Lama Tem-
ple Ditch, Haxiong Ditch, Dabaiyang Ditch, Xiaobaiyang 
Ditch and the Qingshui River along the way. With a total 
length of 324 km, the Manas River is the longest river on 
the southern edge of the Gurbantunggut Desert, with an 
average annual runoff of 12.95 ×  108  m3 and a basin area of 
34,050  km2. The administrative scope of the MRB includes 
Shihezi City, the Eighth Division of the Xinjiang Production 
and Construction Corps (XPCC), Manas County and its 10 
townships, the Xinhu General Farm of the Sixth Division of 
the XPCC, five townships in Shawan County and Xiaoguai 
Township in Karamay City.

The MRBFPA is located in the southern part of the MRB, 
which has a geographical range of 43°07′N to 43°58′N and 
84°56′E to 86°25′E. The Kenswat Water Conservancy Hub 
Project, which was officially put into operation in August 
2015, was listed as a key project of the Western Develop-
ment in 2010, and it is also the only one of the largest inde-
pendently built projects of the XPCC. As the most critical 
water control hub in the MRB, the project is located in the 
heart of the Tianshan Northern Foothills urban agglomera-
tion, with the city of Shihezi just 70 km away. The dam is 
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built in a class 8 seismic zone, with a height of 129.4 m, 
the highest of its kind, and a total reservoir capacity of 
1.88 ×  108  m3. The Kenswat hydrological station (85.95°E, 
43.98N°) is located at an altitude of 955 m.

Research framework

This study focuses on the future availability of water 
resources in the MRBFPA. Firstly, we obtained meteoro-
logical data, hydrological data, LUCC data, DEM data and 
soil data of the study area. Secondly, we used software and 
methods such as ArcSWAT and SWAT-CUP to construct a 
hydrological model of the MRBFPA. Finally, the changes of 
hydrological elements in the study area and the changes of 
total available water resources in the future were obtained. 
The framework of our study is shown in Fig. 2.

Data sources and processing

LUCC data

The LUCC data used in this study were obtained through 
Landset series satellite image interpretation, and the remote 
sensing image data were downloaded through the Geospatial 

Data Cloud (http:// www. gsclo ud. cn/). Landsat-8 remote 
sensing image data were used to obtain the 2015 land use in 
the MRBFPA. Landset images were selected for the same 
period (June–August), with abundant feature images and low 
cloudiness. The classification criteria for land use interpreta-
tion were classified using the Chinese Academy of Sciences 
secondary land use classification criteria. Land use data at 
30 m spatial resolution in the MRBFPA were obtained using 
the ArcGIS resampling tool according to the needs of the 
study.

Soil data

Soil data for the study area, the MRBFPA, were obtained 
from the Harmonised World Soil Database (HWSD) V1.2 
dataset created by the FAO and the International Institute 
for Applied Systems (IIASA), Vienna. The soil data for this 
study area, the MRBFPA, were obtained using the ArcGIS 
cropping tool. The relevant soil physical and chemical prop-
erties are available on the HWSD website (http:// www. fao. 
org/, access on 20 July 2022). The physical parameters of 
the soil type data required for the SWAT model of the MRB-
FPA were calculated using SPAW software based on the soil 

Fig. 1  Overview of the study area a location of the Manas River Basin (MRB) in China; b distribution of flow-producing area (FPA) and water 
systems in the MRB; c elevation-based delineation of sub-watershed and streams in the MRBFPA

http://www.gscloud.cn/
http://www.fao.org/
http://www.fao.org/
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physicochemical properties provided by HWSD (Appendix: 
Table 6).

DEM data

This study uses DEM data sources with data from the Japa-
nese Earth Observation Advanced Land Observing Satellite 
(ALOS), downloaded through the National Aeronautics and 
Space Administration (NASA) website (https:// search. earth 
data. nasa. gov/, access on 20 July 2022). The mission objec-
tives of ALOS (Igarashi 2001) are cartography, regional 
observations, disaster monitoring and land resource explora-
tion for science and applications. ALOS will provide global 
high spatial resolution Earth observation datasets from three 
remote sensing instruments. ArcGIS was used to mosaic and 
crop the downloaded DEM data to obtain 12.5 m resolution 
DEM data of the MRBFPA. The highest elevation of the 
MRBFPA is 5146 m and the lowest elevation is 804 m.

Hydrological data

The hydrological data used in this study were the daily run-
off flow data from the Kenswat hydrological station, which 
were obtained from the Kenswat hydrological observation 
station of the Xinjiang MRB Management Office for the 
period from 1 January 1981 to 31 December 2016. Accord-
ing to the needs of the study, the daily runoff flow was 

calculated to obtain the monthly and annual runoff flow of 
Kenswat hydrological station, respectively.

Meteorological data

The main meteorological station data used in this study were 
obtained from the China National Meteorological Admin-
istration (http:// data. cma. cn/, access on 20 July 2022). This 
study used 13 meteorological stations on the northern slope 
of Tianshan Mountains (Zhang, 2023), with daily elements 
such as precipitation, maximum temperature, minimum 
temperature, evapotranspiration, wind speed, coordinates 
of each station and elevation, for the period from 1 January 
1981 to 31 December 2016.

SWAT model

Model principles

The discretization of the SWAT catchment area is carried out 
from a given digital elevation model (DEM) to multiple sub-
catchments, each of which has a hydrological response unit 
(HRU) with similar land use and soil types and is the basic 
model unit (Arnold et al. 2010, 2012). The model simulates 
the hydrological processes of evapotranspiration, filtration, 
surface runoff, groundwater runoff and sediment erosion in 
each HRU (Cho et al. 2012; Ghaffari et al. 2010; Pereira 
et al. 2016), with runoff from each HRU first converging into 

Fig. 2  Research framework, describing the relationship between data, methods, models, and results

https://search.earthdata.nasa.gov/
https://search.earthdata.nasa.gov/
http://data.cma.cn/
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the mainstem of each sub-catchment and then flowing from 
one sub-catchment to another before reaching the outlet of 
the catchment. The water balance equation for HRU can be 
expressed as follows (Agr 1980; Luo et al. 2013):

where SWt is the final soil water content, mm; SW0 is the 
initial soil water content, mm; t is the simulation time, days; 
Rday is the daily precipitation, mm  H2O; Qsurf is the daily 
surface runoff, mm  H2O; Ea is the daily evapotranspiration, 
mm; wseep is the amount of water entering the air pocket from 
the soil profile on a given day, mm; Qgw is the return flow 
on a given date, mm.

Glaciers are widespread in the alpine region of the MRB, 
and glacier meltwater makes a high contribution to river run-
off. Although glacier melt is mainly dependent on its surface 
energy balance, the application of energy balance models is 
limited by the need to incorporate many parameters (Qi et al. 
2017) and the complexity of calculations for remote, high-
altitude mountainous areas (Zaremehrjardy et al. 2021). In 
this study, a degree-day model based on a linear relationship 
between snow and ice melt and air temperature was chosen 
to analyse the effect of glacial meltwater on river runoff. The 
general form of the degree-day model is:

where M is the ablated water equivalent of the gla-
cier, mm∕d ; DDF is the degree-day factor of the glacier, 
mm∕(d ⋅

◦

C) ; PDD is the positive cumulative tempera-
ture, generally obtained from Eq. (3); α is the coefficient, 
(mm ⋅m

2)∕MJ ; R is the solar shortwave radiation or net 
radiation, MJ∕(mm ⋅ d).

where Tt is the average daily temperature (°C); Ht is a logi-
cal variable, when Tt ≥ 0 °C, Ht = 1; when Tt ≤ 0 °C, Ht = 0.

Internal soil flow characteristics in SWAT areas were 
calculated using dynamic storage models of topographic 
gradients, soil hydraulic conductivity (SOL_K) and spa-
tial and temporal variations in soil moisture. Lateral flow 
is important in soil catchments with high hydraulic con-
ductivity at the surface. Sloan and Moore (1984) combined 
SWAT with a subsurface water flow kinematic storage 
model to simultaneously calculate seepage. The shallow 
aquifer then collects groundwater into the main channel 
of the sub-basin. Surface runoff is precipitation after inter-
ception of infiltration and surface runoff is estimated using 
the Green–Ampt infiltration method and the runoff curve 
number method (SCS) (Boughton, 1989). Flood runoff rates 

(1)SWt = SW0 +

t∑
i=1

(
Rday − Qsurf − Ea − wseep − Qgw

)

(2)M = DDF ⋅ PDD + �R

(3)PDD =

n∑
t=1

Ht ⋅ Tt

reflect the erosive power of heavy rainfall and can be used 
to predict sediment loss. Evapotranspiration includes tran-
spiration from plant canopies and evaporation of soil water 
and trapped precipitation or dew. Several methods exist for 
modelling potential evapotranspiration (PET), including the 
Priestley–Taylor method (PRIESTLEY and TAYLOR 1972), 
the Penman–Montes method (Monteith 1965) and the Har-
greaves method (Hargreaves and Samani 1985), which were 
incorporated into the SWAT model.

Hargreaves and Samani used the Hargreaves formula 
based on temperature and solar radiation ET0 . Because 
of its better calculation results, the Food and Agriculture 
Organization of the United Nations (FAO) recommends its 
use when meteorological information is lacking (Abbaspour 
et al. 2007; Hargreaves and Allen 2003). The Hargreaves 
method was used to simulate PET in this study and the equa-
tion can be expressed as follows:

where Tx is the daily maximum temperature, °C; Tn is the 
minimum temperature, °C; Ra top-of-atmosphere solar radia-
tion, MJ∕(m2 ∙ d) , which can be calculated from latitude or 
found from the top-of-atmosphere radiation table provided 
by FAO.

Model build setup

ArcGIS was opened to load the processed DEM data and 
the 'burn-in' command was used to load the digital water 
system. Then, based on the results of previous studies and 
taking into account the size of the study area and the simula-
tion accuracy of the model (Luo et al. 2012, 2013; Gu et al. 
2020; Zhang 2018), the watershed threshold was set to 5000 
to generate a watershed network. Secondly, the hydrologi-
cal station of Kenswat was selected and defined as the total 
outlet of the watershed to perform watershed delineation. 
Finally, the calculation of sub-basin parameters and the 
addition of reservoirs were performed. As the SWAT model 
only takes into account the role of reservoirs for flow regula-
tion, it is not concerned with their location. The location of 
the reservoirs in the model is automatically adsorbed to the 
nearby basin nodes.

The MRBFPA was divided into 19 sub-basins. The Ken-
swat hydrological station was added as the basin outlet, and 
this station was selected for basin delineation and calcu-
lation. LUCC data were used to reclassify the watershed 
land use and imported into the model using the 2015 vec-
tor land use data for the MRBFPA. Soil data were calcu-
lated using HWSD 1.2 soil data for watershed soil data and 
imported into the SWAT model, and the reclassified soil 
database is shown in Appendix Table 6. Four categories of 

(4)PEThar = 0.0023Ra

�
Tx + Tn

2
+ 17.8

�√
Tx − Tn
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slope classification 0–15°, 15–25°, 25–75° and ≥ 75° were 
defined. Land use, soil and slope were overlaid for analysis 
and 747 HRUs were generated (Fig. 3). After delineating the 
HRUs, the watershed meteorological data were collated and 
imported into the model. And then the watershed database 
was written and updated. Finally, a warm-up period of two 
years was set, the model was selected for the monthly scale, 
and the 64-bit release version was selected for simulation 
and written to the database (Fig. 3). The SWAT model of 
the MRBFPA was constructed. Due to the lack of human 
activity in the MRBFPA, we used runoff data measured by 
the Kenswat hydrological station for model calibration and 
validation.

Model calibration and validation

This study applies the SUFI-2 algorithm in SWAT-CUP 
2019 to complete the final estimation by iteratively estimat-
ing the unknown parameters through a sequential fitting 
procedure. The procedure also takes into account the uncer-
tainties in the model inputs, model structure, input param-
eters and observed data. During the calibration process, the 

programme uses a global sensitivity analysis method, which 
takes into account the equilibrium phenomenon in the rate 
calibration process and uses the t test (t-Stat) and P test (P 
Value) methods for sensitivity assessment. Finally, these dif-
ferent parameter settings generate acceptable runoff curves. 
In this process, the higher the sensitivity of the parameters, 
the larger the absolute value of t-Stat and the P Value is 
close to the zero value.

Based on a comprehensive evaluation approach, Moriasi 
proposed four quantitative statistical methods (Moriasi et al. 
2007): the Nash–Sutcliffe coefficient (NSE), percentage bias 
(PBIAS), relative root mean square error (RRMSE) and rela-
tive error (R2). In this paper, three commonly used methods 
(NSE, PBIAS and R2) have been selected to quantify the 
performance of the model. The purpose of these three per-
formance metrics is to quantify how well the simulated val-
ues of the numerical model match the measured values. The 
NSE is a statistical method that quantifies the relative mag-
nitude of the residual variance (Nash and Sutcliffe 1970), 
PBIAS indicates that the average trend of the simulated data 
is greater or less than the average trend of the corresponding 
observed data (Gupta et al. 1999), which is different from 

Fig. 3  MRBFPA HRU divisions, a the HRU division results of MRBFPA, b–e, respectively, show the details of HRU



Applied Water Science (2024) 14:43 Page 7 of 18 43

the variance used for the observed data. The NSE, R2 and 
PBIAS equations can be expressed separately as follows:

where R2 is the square of the correlation coefficient R; NSE 
is the Nash–Sutcliffe efficiency factor; PBIAS is the devia-
tion of the evaluated data (expressed as a percentage); oi is 
the measured runoff,  m3/s; si is the simulated runoff,  m3/s; o 
is the average measured runoff during the simulation,  m3/s; 
s is the average simulated runoff during the simulation,  m3/s; 
n is the number of flow measurements in the analysis; and k 
is the number of independent variables.

Of the three metrics mentioned above, the closer the NSE 
and R2 values are to 1, the better the performance of SWAT, 
while when PBIAS is close to zero, it represents a very accu-
rate simulation. Moriasi (2007) suggests that the model can 
be used as a satisfactory simulation when NSE ≥ 0.5 and 
PBIAS is within ± 25%, and the criteria developed by Mori-
asi are used in this paper Table(1).

HasGEM2‑ES

The Inter-Sectoral Impact Model Intercomparison Project 
(ISIMIP) provides historical and future scenario data for 
the daily-scale HasGEM2-ES model (Frieler et al. 2017; 
Jones et al. 2011). The time range of the historical data is 
1950–2005, and the time range for the four future scenarios 
(RCP 2.6, 4.5, 6.0 and 8.5) is 2006–2099. The three climate 
elements provided are precipitation, maximum tempera-
ture and minimum temperature, with a spatial resolution of 
0.5° × 0.5°. The HasGEM2-ES model data were selected for 
the MRBFPA. The model data were downscaled according 

(5)NSE =

∑n

i=1

�
oi − o

�2
−
∑n

i=1

�
si − oi

�2
∑n

i=1

�
oi − o

�2

(6)R2 =

⎡⎢⎢⎢⎣

∑n

i=1

�
oi − o

��
si − s

�
�∑n

i=1

�
oi − o

�2�∑n

i=1

�
si − s

�2

⎤⎥⎥⎥⎦

2

(7)PBIAS = 100 ×

�∑n

i=1

�
oi − si

�
∑

oi

�

to the location of the meteorological stations used in the 
SWAT model, so that the geographical location of the mete-
orological stations after the downscaling of the HasGEM2-
ES model data was the same as the location of the meteoro-
logical stations used in the SWAT model. The downscaling 
software CCT_Package (Vaghefi et al. 2017) was used to 
obtain the HasGEM2-ES model data with the same locations 
as the SWAT model meteorological stations. These data 
were then used for monthly statistics to obtain the average 
monthly precipitation, maximum temperature and minimum 
temperature of the HasGEM2-ES model for the historical 
period. The data were compared and corrected with SWAT 
model weather station data.

Handling of results

The simulation scale of the SWAT model for the MRBFPA 
is the monthly scale. The output file representing HRU in the 
model was exported to obtain the monthly HRU scale hydro-
logical elements variation data for the period 1981–2015. 
The monthly-scale data were then interpolated using ArcGIS 
to obtain the 30 m × 30 m resolution hydrological elements 
data for the MRBFPA over a 35 year period.

Results

Calibration and validation

This study began with a sensitivity analysis to identify the 
parameters that have a greater impact on the snowmelt runoff 
simulation. The sensitivity analysis was conducted by incor-
porating the Latin Hypercube sampling method (LH-OAT) 
into SWAT 2012. A parametric sensitivity analysis was con-
ducted on common parameters, and those with high model 
sensitivity were selected for moderation. Table 2 shows the 
final selection of 16 parameters and their sensitivity and 
optimum values.

According to Table 2, basically all parameters are within 
the optimal range. The optimal value for the snowfall basal 
temperature (SFTMP) is 4.02, indicating that the transition 
from rain to snowfall begins at 4.02 °C. It is worth noting 
that the snowmelt basal temperature (SMTMP) is 4.64, indi-
cating that snowmelt begins at 4.64 °C. The above model 
parameters are consistent with the findings of studies on 
snowfall events in and around the Tianshan Mountains (Yan 
and Jianli 2019) and snowmelt temperatures in the MRB (Gu 
et al. 2020; Xinchen et al. 2021). Other parameters such as 
hydraulic conductivity (SOL_K), SCS runoff curve coeffi-
cient (CN2) and slope (HRU_SLP) are given optimal values 
in the table above and the 16 hydrological parameters used 
are all within reasonable limits.

Table 1  SWAT model evaluation criteria (Moriasi et al. 2007)

Performance grades NSE PBIAS

Very good 1.00 ≥ NSE ≥ 0.75 10 ≥|PBIAS |
Good 0.75 > NSE ≥ 0.65 15 ≥| PBIAS |> 10
Satisfactory 0.65 > NSE ≥ 0.5 25 ≥| PBIAS |> 15
Unsatisfactory 0.5 > NSE |PBIAS |> 25
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Hydrological elements

Based on the results of the model rate determination, the 
results of the 35-year simulation of the SWAT model were 
used to analyse the hydrological elements in the MRBFPA. 
This section focuses on the monthly runoff, potential evap-
otranspiration (PET), actual evapotranspiration (ET), soil 
water content (SW) and snowmelt in the basin at the Ken-
swat hydrological station.

Runoff

Surface runoff simulations were conducted in the MRB-
FPA from 1979 to 2015. 1981–1999 data were used for rate 
calibration and 2000–2015 data for validation. This study 
set a warm-up time of two years (1979–1980) to initialize 
SWAT. The hydrological model of the MRBFPA was cali-
brated and compared with measured monthly runoff from 
1981 to 2015 at the Kenswat hydrological station. Overall, 
the SWAT model simulated runoff had similar trends to the 
measured runoff, and the timing of flood occurrence between 
simulated and measured runoff information matched well. 
Figure 4 shows the results of the monthly-scale model simu-
lated runoff.

From Fig. 4, the intra-annual runoff abundance pattern 
of the Manas River in the monthly-scale simulations var-
ies significantly. The Manas River has a low flow rate in 
winter and a high flow rate in summer. Snowmelt accounts 
for 46% of the Manas River's annual runoff (Song Jinli and 
Yang Dewen, 2011). The low winter temperatures in the 

MRBFPA cause the melting of snow and ice to stop. During 
the winter the recharge of snow and ice melt water to the 
runoff becomes low, resulting in significant seasonal varia-
tions in the Manas River runoff. As the temperature picks up, 
the rate of ice and snow melt increases and runoff increases 
rapidly. This is consistent with the more sensitive results for 
snow melt base temperature (SMTMP) from the parameter 
sensitivity analysis.

Table 3 shows the performance of the monthly-scale eval-
uation indicators of the SWAT hydrological model in the 
MRBFPA for the rate period (1981–1999) and the validation 
period (2000–2015), respectively.

As can be seen from Table 3, in the monthly-scale simula-
tion calibration, for the rate period (1981–2000): NSE = 0.86, 
R2 = 0.87, PBIAS = 13.75; for the validation period 
(2001–2015), NSE = 0.75, R2 = 0.77, PBIAS = −11.78; and 
overall (1981–2015), NSE = 0.81, R2 = 0.81, PBIAS = 1.44. 
Overall, in the monthly-scale simulations, the three per-
formance parameters (NSE, R2 and PBIAS) indicated very 
good simulation results during both the rate and validation 
periods, based on the performance evaluation criteria given 
in Table 1 and combined with the performance of the statisti-
cal indicators in Table 3.

Potential evapotranspiration (PET)

The potential evapotranspiration in the MRBFPA fluctuates 
between 180 and 330 mm over the 30 year period (Fig. 5). 
The potential evapotranspiration in the basin has generally 
declined over the period 1981–2007 and increased over the 

Table 2  Parameter selection and optimal value

R multiplies the existing value with (1 + the given value); V replaces the exiting value with the given value

Parameter Physical significance Unit Max value Min value Optimum value

v__SMFMX.bsn Maximum melt rate for snow during year [mm/(°C day)] 0 10 0.184
v__SMFMN.bsn Minimum melt rate for snow during year [mm/(°C day)] 0 10 0.075
v__SFTMP.bsn Snowfall temperature [°C] −5 5 4.022
v__SMTMP.bsn Snowmelt base temperature [°C] −5 5 4.640
v__ESCO.bsn Soil evaporation compensation factor / 0 1 0.824
v__ALPHA_BF.gw Baseflow alpha factor [days] 0 1 0.907
v__GW_DELAY.gw Groundwater delay [days] 0 500 161.420
v__GWQMN.gw Threshold depth of water required in shallow 

aquifer for return flow to occur
[mm] 0 5000 329.107

v__RCHRG_DP.gw Deep aquifer percolation fraction [fraction] 0 1 0.262
v__SLSUBBSN.hru Average slope length [m] 10 150 1.328
v__OV_N.hru Manning’s “n” value for overland flow Na 0.01 30 0.348
v__HRU_SLP.hru Average slope steepness [m/m] 0 0.6 0.248
v__SOL_BD().sol Moist bulk density [g/cm3] 0.9 2.5 2.123
v__SOL_K().sol Saturated hydraulic conductivity [mm/hr] 0 2000 27.969
v__SOL_AWC().sol Available water capacity of the soil layer [mm/mm] 0 1 0.746
v__TLAPS.sub Temperature laps rate [℃/km] −50 50 −5.180



Applied Water Science (2024) 14:43 Page 9 of 18 43

period 2008–2015, reaching a 30 year low of 186.23 mm in 
2007 and a 30-year high of 325.49 mm in 1991. The interan-
nual variation is within 30%. Based on the HRU distribu-
tion map, a PET value of HRU was assigned every 5 years 
to characterize the distribution and variation of potential 
evapotranspiration in the MRBFPA. As shown in Fig. 5, the 
PET changes were obtained every 5 years during 1981–2015 
based on 747 HRU month-by-month PETs from 1981 to 
2015 in the MRBFPA, where Ave (1981–2015) represents 
the 30-year average value of PET in the MRBFPA. Spa-
tially, the annual PET in some areas of the basin can reach 
1400 mm, while in lower areas the annual potential evapo-
transpiration is less than 100 mm. The spatial distribution of 
potential evapotranspiration is relatively stable with interan-
nual climate change, and fluctuates with climate change in 
time.

Evapotranspiration (ET)

The ET in the MRBFPA fluctuated between 90 and 160 mm 
over the 30 years. Overall, the basin ET fluctuates around 
130 mm, with interannual variation within 24%. There is 
a high degree of consistency between ET and PET vari-
ability in the MRBFPA. Based on the distribution map of 
HRU, the PET assignment of HRU was carried out every 
5 years to characterize the distribution and variation of 

evapotranspiration in the MRBFPA. As shown in Fig. 6, 
the month-by-month ET of 747 HRUs from 1981 to 2015 
was calculated to obtain the change in ET for every 5 years 
between 1981 and 2015 in the MRBFPA, where Ave 
(1981–2015) represents the 30-year average evapotranspira-
tion values. Spatially, the annual evapotranspiration in some 
areas of the basin is nearly 1000 mm, while in lower areas 
it is less than 50 mm, with significant spatial differences in 
evapotranspiration in the MRBFPA. With interannual cli-
mate change, the spatial distribution of actual evapotranspi-
ration is relatively stable, fluctuating in time with climate 
change, and the fluctuations in evapotranspiration and poten-
tial evapotranspiration are highly similar (Fig. 5 and 6).

Soil water (SW)

The soil water content in the MRBFPA fluctuated between 
32 and 42 mm over the 30 year period, with a general upward 
trend between 1981 and 2015. The interannual variability is 
within 17% and is less consistent with the ET and PET vari-
ability in the MRBFPA. Based on the HRU distribution map 
(Fig. 3), SW values of HRU were assigned every 5 years 
to characterize the distribution and variability of soil water 
content in the MRBFPA.

As shown in Fig. 7, the SW variation was calculated 
based on 747 HRU month-by-month SWs from 1981 to 2015 
in the MRBFPA to obtain the SW variation every 5 years 
from 1981 to 2015, where Ave (1981–2015) represents the 
30-year average soil water content values in the MRBFPA. 
The annual soil water content is about 85 mm in some areas 
of the basin and less than 20 mm in the lower areas, with 
significant spatial variation in evapotranspiration in the 
MRBFPA. Spatially, the areas with higher soil water content 
in the basin are downstream and at lower elevations. With 
interannual climate change, the spatial distribution is more 
stable and the soil water content then fluctuates significantly.

Fig. 4  Monthly runoff observed and simulated at Kenswat hydrological station

Table 3  The evaluation index value of periodic rate and validation 
period

Statistical indi-
cators

Calibration (1981–
2000)

Validation 
(2001–2015)

Overall 
(1981–
2015)

NSE 0.86 0.75 0.81
R2 0.87 0.77 0.81
PBIAS 13.75 −11.78 1.44
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Snowmelt

Snowmelt (mm) in the MRBFPA from 1981 to 2015. The 
lowest value of snowmelt (mm) during the 30 year period 
was 21.64 mm in 2007 and the highest value of 106.94 mm 
in 2008. The difference in meltwater between 2007 and 2008 
was 5 times. The interannual fluctuations in snow and ice 
melt water in the MRBFPA are in good agreement with the 
ET and PET variations in the basin production area, taking 
into account the fluctuations in temperature input that lead 
to a significant correlation between the three fluctuations. 
Snowmelt assignments of HRU were made every 5 years to 
characterize the spatial distribution and variability of snow 
and ice meltwater in the MRBFPA, based on the distribu-
tion map of HRU (Fig. 3). As shown in Fig. 8, the month-
by-month Snowmelt of 747 HRUs from 1981 to 2015 was 
calculated to obtain the change in Snowmelt every 5 years 
during 1981–2015 in the MRBFPA, where Ave (1981–2015) 
denotes the 30-year average snow and ice meltwater values. 
The annual snow and ice melt water varies considerably 
between HRUs in the basin, with the highest annual snow 
melt up to 132 mm and the lowest up to 2.27 mm. In general, 
the spatial distribution of snow and ice melt water in the 

basin fluctuates considerably between years, probably due 
to the combined effect of seasonal snow accumulation and 
temperature in the basin.

Runoff simulation under four scenarios

Runoff simulations for the MRBFPA based on four main 
climate change scenarios, RCP 2.6, 4.5, 6.0 and 8.5. Firstly, 
the runoff simulations for the four climate change scenarios 
for the Manas River from 2000 to 2020 were exported based 
on the available information, where 2000–2005 is the his-
torical period, 2006–2020 is the simulated value under the 
four climate change scenarios, and the flow of the measured 
runoff is from 2000 to 2016, the results are shown in Fig. 9.

From 2000 to 2005, the historical data from the 
HadGEM2-ES model simulated the runoff in the MRBFPA 
relatively well. The simulated values of summer flows in 
2000, 2002, 2003 and 2005 were slightly higher than the 
measured values; the simulated values of summer flows in 
2001 and 2004 were slightly lower than the measured values.

From 2006 to 2016, a comparison of the simulated and 
measured values for the four climate change scenarios 
(RCP 2.6, 4.5, 6.0 and 8.5) of the HadGEM2-ES model 

Fig. 5  PET (mm) in the MRBFPA, 1981–2015 a spatial distribution; b year-to-year variation
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showed that the measured runoff flow in the MRBFPA 
was between the simulated values for the RCP 6.0 and 
RCP 8.5 scenarios. Further work is needed to verify the 
strengths and weaknesses of the modelled and measured 
values under the four climate change scenarios.

A detailed comparison of the simulated and measured 
values for 2006–2016 under RCP 6.0 and RCP 8.5 sce-
narios (Fig. 10) shows that the difference between the 
measured runoff and the simulated flow under the RCP 
8.5 scenario for these 11 years is minimal. The simulated 
and measured values under the four climate change sce-
narios were then validated using the criteria in Table 1 to 
analyse the trends in climate change in the MRBFPA, and 
the results are shown in Table 4.

As can be seen from the above table, the simulated 
and measured runoff values for the RCP 8.5 climate 
change scenario are closest to each other for the period 
2006–2016. with NSE = 0.7, R2 = 0.80 and PBIAS = 4.80, 
all three performance parameters meet the very good cri-
teria in Table 1. Based on the analysis of the above results, 
it can be concluded that climate change in the MRBFPA 
during 2006–2016 is close to the RCP 8.5 climate change 
scenario due to the effects of global warming (Alvarenga 
et al. 2015).

Water resources available

Water resources in the MRBFPA are pooled in the Ken-
swat reservoir, which is then dispatched in a unified manner 
to allocate total water resources within the year according 
to midstream irrigation demand. This sub-section assesses 
the future total water resources in the MRB for the period 
2020–2099, providing a basis for the rational use of water 
resources in the basin, annual allocation and interannual 
arable land planning. The future total annual-scale water 
resources in the MRBFPA are calculated based on the mod-
elled values of each of the four climate change scenarios.

The measured runoff lies between the modelled values 
for the RCP 6.0 and RCP 8.5 climate change scenarios and 
is closer to the modelled values for the RCP 8.5 scenario. 
2021–2025 has an annual average water volume of around 
13.0 ×  108   m3. 2026–2030 has an annual average water 
volume of around 15.0 ×  108  m3. 2021–2025 is a dry year. 
The average annual water inflow from Kenswat Reservoir 
increases from 2026 to 2030; the water inflow from Kenswat 
Reservoir increases with a high probability and decreases 
with a low probability from 2031 to 2035, and the five-year 
average annual water volume is between 14.0 ×  108 and 
16.0 ×  108  m3.

Fig. 6  ET (mm) in the MRBFPA, 1981–2015 a spatial distribution; b year-to-year variation
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Calculating the average annual water resources in 
the MRBFPA from 2020 to 2099 under the four climate 
change scenarios revealed that the total average annual 
water resources in the MRBFPA under the RCP 2.6, 4.5, 
6.0 and 8.5 climate change scenarios were 14.21 ×  108  m3, 
13.56 ×  108   m3, 13.09 ×  108  m3 and 13.44 ×  108  m3 Table (5).

According to the results of the analysis in Fig. 10, cli-
mate change in the MRBFPA is close to the RCP 8.5 climate 
change scenario. Considering that the current climate change 
scenario remains unchanged, and taking into account that the 
basin flow-producing areas undergo interannual adjustment 
of water resources, the SWAT hydrological model outputs 
under the RCP 8.5 climate change scenario were used to 
calculate the total water resources in the MRBFPA, and the 
results are shown in Fig. 11.

The average annual water resources in the MRBFPA 
is 12.95 ×  108  m3. Under the RCP 8.5 climate change sce-
nario, the total water resources in the MRBFPA fluctuate 
around 12.95 ×  108  m3 between 2020 and 2099, with the 
water resources in 2028 being as high as 23.08 ×  108   m3, 
higher than the average annual water resources in the 
MRBFPA of 12.95 ×  108   m3; the water resources in 2060 
are as low as 6.59 ×  108  m3, much lower than the average 

annual water resources in the MRBFPA. Between 2027 
and 2036, the water resources in the MRBFPA were more 
than 12.95 ×  108   m3, and between 2067 and 2078, the water 
resources in the MRBFPA were less than 12.95 ×  108  m3. 
Runoff in the MRBFPA is strongly influenced by climate 
change.

Discussion

In the last 40 years, the area of artificial oases in the oasis 
zone of the MRB has expanded by 129.56% due to the 
booming development of water-saving irrigation (Zhang 
2018; Liao et  al. 2020), and the socioeconomic effects 
works on the oases have positively contributed to the devel-
opment of the region (Yang et al. 2017). However, at the 
same time, the demand for water in the MRB is increasing 
(Gu et al. 2020; Liao et al. 2021). Water resources analysis 
and modelling of the basin is the basis of water resources 
control and a prerequisite for sustainable regional develop-
ment (Gupta et al. 1999; Yaning et al. 2012; Baffaut et al. 
2015; Cao et al. 2018). In this paper, we used ArcSWAT 
2012 to classify the MRBFPA into 19 sub-basins and 747 

Fig. 7  SW (mm) in the MRBFPA, 1981–2015 a spatial distribution; b year-to-year variation
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HRUs and conducted rate determination and validation. For 
the rate determination period (1981–1999): NSE = 0.86, 
R2 = 0.87, PBIAS = 13.75; for the validation period 
(2000–2015), NSE = 0.75, R2 = 0.77, PBIAS = −11.78; over-
all (1981–2015), NSE = 0.81, R2 = 0.81, PBIAS = 1.44. The 
optimal value for snowmelt base temperature (SMTMP) was 
4.64 and the optimal value for snowfall base temperature 
(SFTMP) was 4.02, indicating that the snow-water transition 

temperature in the MRB was around 4 °C, which is consist-
ent with previous studies that snowfall events in and around 
the Tianshan Mountains largely occurred between −35 °C 
and 5 °C (Yan and Jianli 2019; Gu et al. 2020; Xinchen 
et al. 2021).

Based on the SWAT model, the changes of hydrological 
elements (runoff, potential evapotranspiration, actual evapo-
transpiration, soil water content, snow and ice ablation) in 

Fig. 8  Snowmelt (mm) in the MRBFPA, 1981–2015 a spatial distribution; b year-to-year variation

Fig. 9  Response of runoff to four scenarios in MRBFPA from 2000 to 2020
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the MRBFPA were analysed. The results show that evapo-
transpiration in the MRBFPA fluctuated between 90 and 
160 mm over the 30-year period. The lowest value of basin 

evapotranspiration in the 30-year period was 97.00 mm in 
2007 and the highest value of 157.23 mm in 1990. The inter-
annual variation is within 24%. Soil water content in the 
MRBFPA fluctuates between 32 and 42 mm, with a gen-
eral upward trend between 1981 and 2015. The interannual 
variation is within 17%. The snow and ice melt water in 
the MRBFPA fluctuates between 32 and 42 mm. In 2007, 
the lowest value of snow and ice melt water in the basin in 
30 years was 21.64 mm and in 2008 the highest value of 
106.94 mm. Overall, there are large fluctuations in snow and 
ice melt water in the basin (Luo et al. 2012, 2013). The fluc-
tuations in interannual snow and ice melt water in the basin 
production area are in good agreement with the changes in 
ET and PET in the basin production area, which is consid-
ered to be a significant correlation between the fluctuations 
in temperature input and the fluctuations in the three.

The maximum and minimum temperature estimates 
in HasGEM2-ES model are in good agreement with the 
available basin meteorological data (Jones et al. 2011; Gu 
et al. 2020), while the precipitation estimates vary consid-
erably, especially for the months of June to August. The 
meteorological data provided by the HadGEM2-ES model 

Fig. 10  Flow simulation of Manas River for 2006–2016 under RCP 6.0 and RCP 8.5 scenarios

Table 4  Evaluation of 
simulation effect under different 
climate change scenarios

a, b, c denote the classification 
criteria in Table 1, where a rep-
resents very good, b represents 
good, and c represents satisfac-
tory

Scenarios NSE R2 PBIAS

RCP 2.6c 0.55 0.67 −10.89
RCP 4.5c 0.63 0.74 −9.92
RCP 6.0b 0.67 0.78 −16.40
RCP 8.5a 0.79 0.80 4.80

Table 5  Water resources of annual runoff area in 2020–2099 under 
different climate change scenarios

Scenarios RCP 2.6 RCP 4.5 RCP 6.0 RCP 8.5

Water resources  (108  m3) 14.21 13.56 13.09 13.44

Fig. 11  Total water resources of runoff producing areas in 2020–2099 under RCP 8.5 scenario
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underestimate the precipitation in the MRB for the months 
of June and August (Song Jinli and Yang Dewen, 2011). We 
obtained meteorological data for different future scenarios 
consistent with the flow-producing areas of the MRB by 
correcting the HasGEM2-ES data (AF1). The total future 
available water resources in the basin were estimated accord-
ingly, and it was found that the climate change scenario for 
the MRB is close to the RCP8.5 discharge scenario.

Hydrological uncertainty in the MRBFPA is further 
enhanced under the climate change scenario of RCP 8.5, 
this is in line with previous studies (Guo and Shen 2016). 
The total multi-year average water resources in the MRB-
FPA between 1956 and 2015 was 12.95 ×  108  m3, with a 
minimum value of 9.53 ×  108   m3 reached in 1957 and a 
maximum value of 19.87 ×  108  m3 reached in 1999. His-
torical interannual water resources fluctuate between 73.59 
and 153.44% of the multi-year average water resources. 
The interannual fluctuations in total water resources in the 
MRBFPA between 2020 and 2099 under the RCP 8.5 cli-
mate change scenario increase further, reaching a maximum 
value of 23.08 ×  108  m3 in 2028 and a minimum value of 
6.59 ×  108  m3 in 2060, with interannual variability over the 
next 80 years ranging from between 50.89 and 178.22%.

Conclusions

This study constructed a SWAT model for MRBFPA 
and estimated the water resources in MRBFPA based on 
HadGEM2-ES. The results showed that:

1. The fluctuations in PET, ET, SW and Snowmelt in 
MRBFPA have further intensified in the past two dec-
ades.

2. The climate change scenario in MRBFPA is close to 
RCP 8.5, and the uncertainty of water resources and 
extreme hydrological conditions will further intensify 
in the future.

3. The water resources of MRBFPA reached its maximum 
value of 23.08 ×  108  m3 in 2028, reaching a minimum 
value of 6.59 ×  108  m3 in 2060. The interannual variabil-
ity for the next 80 years is between 50.89 and 178.22%.

The northern slopes of the Tianshan Mountains are an 
industrial concentration in the Xinjiang region, but the soci-
oeconomic development of the region is limited by water 
resources that are dominated by glacial meltwater. Under-
standing and addressing the relationship between climate 
change and water resources is a prerequisite for the region's 
development. We believe that monitoring of glaciers and 
meteorology in the MRBFPA should be strengthened to 
improve the ability to respond to climate change and the 
sustainable development of the basin should be supported.

Appendix

See Table 6
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Table 6  SWAT model soil database of MRBFPA

Objectid MUID SEQN SNAM S5ID CMPPCT NLAYERS HYDGRP SOL_ZMX ANION_
EXCL

SOL_CRK TEXTURE

11103 0 0 GRh 0 1 2 A 1000 0.5 0 0
11120 0 0 CHh 0 1 2 A 1000 0.5 0 0
11145 0 0 KSl 0 1 2 C 1000 0.5 0 0
11158 0 0 KSh 0 1 2 A 1000 0.5 0 0
11173 0 0 KSk 0 1 2 A 1000 0.5 0 0
11341 0 0 FLc 0 1 2 C 1000 0.5 0 0
11705 0 0 LPi 0 1 2 D 300 0.5 0 0
11724 0 0 LPm 0 1 2 D 300 0.5 0 0
11765 0 0 LPi 0 1 2 D 300 0.5 0 0
11930 0 0 GG 0 1 2 A 300 0.5 0 0

Objectid SOL_Z1 SOL_BD1 SOL_
AWC1

SOL_K1 SOL_
CBN1

CLAY1 SILT1 SAND1 ROCK1 SOL_
ALB1

USLE_K1 SOL_EC1

11103 300 1.23 18.3 24.11 1.6 21 54 25 0 0.01 0.05403 0
11120 300 1.17 18.6 26.18 2.09 23 54 23 0 0.01 0.053728 0
11145 300 1.3 15.8 22.81 1.28 22 42 36 0 0.01 0.047865 0
11158 300 1.31 15.6 23.67 1.2 21 42 37 0 0.01 0.048326 0
11173 300 1.26 16.5 17.67 1.42 26 45 29 0 0.01 0.048638 0
11341 300 1.38 16.2 22.29 0.6 18 48 34 0 0.01 0.062615 0
11705 300 1.3 13.3 88.45 1.41 6 38 56 0 0.01 0.05942 0
11724 300 1.1 17.6 42.65 3.02 20 45 35 0 0.01 0.049284 0
11765 300 1.3 13.3 88.45 1.41 6 38 56 0 0.01 0.05942 0
11930 300 1.53 27.1 13.56 0 0 0 0 0 0.01 0.49999 0

Objectid SOL_
EC1

SOL_Z2 SOL_
BD2

SOL_
AWC2

SOL_K2 SOL_
CBN2

CLAY2 SILT2 SAND2 ROCK2 SOL_
ALB2

USLE_
K2

SOL_
EC2

11103 0 700 1.34 16.7 9.88 0.4 28 49 23 0 0.01 0.065626 0
11120 0 700 1.32 17.4 17.5 0.89 22 52 26 0 0.01 0.056616 0
11145 0 700 1.34 15.6 11.75 0.6 28 42 30 0 0.01 0.057157 0
11158 0 700 1.39 15.2 20.09 0.48 20 43 37 0 0.01 0.061423 0
11173 0 700 1.35 16.3 14.23 0.57 24 47 29 0 0.01 0.061199 0
11341 0 700 1.41 15.6 21.36 0.4 18 46 36 0 0.01 0.065255 0
11705 0 0 1.53 27.1 13.56 0 0 0 0 0 0.01 0.5 0
11724 0 0 1.53 27.1 13.56 0 0 0 0 0 0.01 0.5 0
11765 0 0 1.53 27.1 13.56 0 0 0 0 0 0.01 0.5 0
11930 0 0 1.53 27.1 13.56 0 0 0 0 0 0.01 0.5 0
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included in the article's Creative Commons licence and your intended 
use is not permitted by statutory regulation or exceeds the permitted 
use, you will need to obtain permission directly from the copyright 
holder. To view a copy of this licence, visit http:// creat iveco mmons. 
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