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Abstract

In the past decades, land use pattern and climate conditions of Shaying River Basin have changed significantly, which
will inevitably have a significant impact on the river hydrological situation. Therefore, in order to study the response of
the hydrological cycle process of the Shaying River Basin to land use and climate changes, this paper constructed the Soil
and Water Assessment Tool (SWAT) hydrological model of the Shaying River Basin based on historical meteorological
and hydrological data, and conducted parameter calibration and model verification to quantitatively explore the response
of the runoff of the Shaying River Basin to different land use and climate change scenarios. The results showed that: (1) In
calibration and verification periods, the determination coefficients (R%) were 0.80 and 0.83 respectively, the Nash—Sutcliffe
efficiency coefficients (NSE) were 0.77 and 0.73 respectively, and the percentage deviation (PBIAS) was within +25%. (2)
Setting different combinations of land use and climate changes into four scenarios S1, S2, S3, and S4, the simulated runoff
depths were 257 mm, 298 mm, 259 mm, and 301 mm, respectively. The impacts of land use and climate changes on the
annual runoff of Shaying River were 0.9% and 16.1% respectively. (3) In the scenario with 4 °C reduction and 20% precipita-
tion increase and scenario 4 °C increase and 20% precipitation reduction, the maximum and minimum annual runoff were
increased by 81.9% and decreased by 70.9% compared with the baseline period, respectively. (4) Under the seven scenarios,
the precipitation, temperature and runoff in the middle and late 21st century showed an increasing trend, and precipitation
will be the main controlling factor affecting runoff. The annual runoff depth showed an increasing trend, and the change of
runoff depth in the lower reaches of the basin will be the most obvious.
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Introduction

Under the dual impacts of climate change and land use
change, the hydrological response of river runoff has become
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and extreme rainfall, which has increased the frequency and
intensity of droughts and floods (Khan et al. 2018). At the
same time, it has also affected the runoff and hydrological
cycle process of the basin, changing the spatial and tempo-
ral distribution pattern of water resources (Xia et al. 2011;
Zhang et al. 2017a, b). Land use change is the most direct
manifestation of the interaction between human activities
and the natural environment, mainly through affecting the
conditions of vegetation interception, evapotranspiration,
the filling of depressions, infiltration, and soil moisture sta-
tus, which in turn affects runoff and hydrological cycle of
the basin (Prestele et al. 2017; Prokesova et al. 2022; Wang
et al. 2021). Moreover, the climate and the land use changes
would have an impact on the river flow, and then affect the
structure and function of the aquatic ecological systems,
which involve a series of problems such as scientific plan-
ning and management of water and earth resources, and sus-
tainable socio-economic development. Therefore, it is very
important to study the characteristics and rules of the river
flow under the changes of land use and climate.

At present, many researchers have already conducted
relevant research on different watersheds and obtained sub-
stantial achievements (Lin et al. 2015; Wu et al. 2020; Rafee
et al. 2021; Tian et al. 2021), while it is becoming clear that
the combined effect resulting from the interaction of climate
and land use changes most likely is not a simple sum of
each individual effect (Chawla and Mujumdar 2015; Wang
et al. 2014), because a complex response mechanism exists
between them. The degree and speed of climate and land
use changes vary among different watersheds, depending on
soil types and the response of runoff to land use and climate
changes (Tankpa et al. 2020; Wang and Kalin 2018). There-
fore, to clarify the impacts of climate and land use changes
on runoff in a certain basin, it will be necessary to quantita-
tively assess the change of runoff under different conditions.

Hydrological models are widely used in the assessment
of impacts of climate and land use changes on runoft (Chen
et al. 2016; Wu et al. 2017; De Girolamo et al. 2022; Brouz-
iyne et al. 2021; Sharma et al. 2022; Idrees et al. 2022).
Among them, the Soil and Water Assessment Tool (SWAT)
has a strong physical foundation and computing ability, and
has been widely used to predict the impacts of medium and
long-term changes in soil, land use and climate changes on
runoff, sediment and agricultural chemicals in large and
complex watersheds (Chawla and Mujumdar 2015; Chen
et al. 2020, 2023; Siderius et al. 2013; Dile et al. 2016;
Ricci et al. 2022). For example, Zuo et al. (2016a, b) used
SWAT model to quantify the impact of land use and climate
changes on runoff and sediment in small watershed of the
Loess Plateau and Giri et al. (2020) used SWAT model to
find that future climate change will be the main factor to
increase runoff and pollutant loads in the Southern New Jer-
sey Watershed in the northeastern United States.
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Shaying River Basin is located in Henan and Anhui Prov-
ince of China. It is the largest tributary of Huaihe River,
mainly in plain areas, and nearly 70% of the area is cul-
tivated land, also an important grain production base in
China. In order to prevent floods, develop and utilize water
resources, some water conservancy projects were imple-
mented to build a large number of reservoirs and sluices in
the basin. In recent years, with the acceleration of population
growth, economic development and urbanization, combined
with the impact of global climate change, water resources
related problems have become increasingly prominent, and
river channels have been cut off or dried up (Luo and Zuo
2019; Zuo et al. 2016a, b). Therefore, in recent decades,
many researches had been carried out for the runoff change
and influencing factors of Shaying River Basin, but most
of them analyzed the influence of meteorological factors or
dam construction on runoff in historical periods, less com-
prehensive research had been conducted in combination with
land use change (Dai et al. 2018), and there is also a lack
of runoff prediction research under future climate change.
Therefore, based on the SWAT model, we carry out the run-
off simulation prediction under climate and land use changes
in the Shaying River Basin. The specific objectives are: (1)
To test the SWAT model for predicting hydrological pro-
cesses in the Shaying River Basin; (2) Evaluate the impact
of historical land use and climate changes on runoff in the
Shaying River Basin; (3) Based on the land use data of 2015,
analyze the changes in runoff of the Shaying River under
hypothetical climate change scenarios and global climate
model scenarios.

Data and methods
Study area

Shaying River Basin (32°29' N to 34°57' N and 111°56'
E to 116°31" E) in the eastern region of China, which is
composed of the largest tributary on the left bank of the
Huaihe River and formed by the confluence of the Shahe and
Yinghe rivers, originates from Lushan County, Henan Prov-
ince, and flowing into the Huai River in Yingshang County,
Anhui Province. The Shaying River, originating from Shay-
ing River, is 621.2 km long and drains a catchment area of
39,075 km?. The upper, middle, and lower reaches bound-
ary points are as follows, respectively: Above the junction
of the Jialu River into the Shaying River Basin (including
the Jialu River Basin) is the upper Shaying River Basin;
From the junction of the Jialu River into the Shaying River
to Fuyang Sluice forms the middle reaches; Fuyang Sluice
to Shaying River Estuary makes up the lower reaches (Zuo
et al. 20164, b).
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The Shaying River Basin has a warm temperate semi-
humid continental climate, which is droughty in winter and
spring, hot and rainy in summer and autumn. The average
annual temperature is 14—16 °C, and the average annual pre-
cipitation is 600-900 mm. The spatial-temporal gradient of
precipitation changes greatly across the landscape, decreas-
ing gradually from southeast to northwest. The annual pre-
cipitation in rainy years is three to five times higher than that
in drought years, and the precipitation from June to Sep-
tember accounts for about 60% of the annual precipitation.

To mitigate the threat of floods and meet the growing
demand for water resources, a large number of gate dams
and reservoirs have been built in the basin. Large reservoirs
mainly include the reservoirs known as Baiguishan, Baisha,
Zhaopingtai, and Gushitan, while sluices mainly include
Zhoukou and Huaidian (Fig. 1).

Data sources

The basic data required for model construction included
the DEM (digital elevation model), data related to land

use and soil, and hydro-meteorology. The DEM data was
the statistical data of 2000, which was derived from geo-
spatial data cloud (http://www.gscloud.cn/) with a resolu-
tion of 90 m X 90 m. The land use data was the statistical
data of 1980 and 2015, which was derived from the land
use data of the Resource and Environmental Science and
Data Center of the Chinese Academy of Sciences (http://
www.resdc.cn) with a resolution of 1 km x 1 km. Soil
data for 2009 were collected from the Harmonized World
Soil Database (http://www.fao.org/) with a resolution of
1 km X 1 km. The hydro-meteorological data used in this
study included wind speed, temperature, solar radiation,
precipitation, and relative humidity data, which were
obtained from the National Meteorological Science Data
Center (http://data.cma.cn). The daily hydro-meteorologi-
cal data, taken from 1960 to 2019, were collected from five
basic national hydro-meteorological stations: Zhengzhou,
Xuchang, Xihua, Baofeng, and Fuyang. The daily stream-
flow data from 1980 to 2018, obtained from the Shaying
River Basin Authority for the three hydrological stations
of Luohe, Zhoukou, and Huaidian, were used for calibrat-
ing as well as validating the SWAT model.
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Fig. 1 A digital elevation model (DEM) in Shaying River Basin and Gate Dam Location Diagram
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Model construction
Principle of the SWAT model

SWAT model is a long-term distributed hydrological model
based on physical process. The model can integrate climate
scenarios and underlying surface factors of the basin, and
reflect the real natural abiotic factors of the basin in com-
bination with soil type, land use mode and digital elevation
information. It can simulate the runoff change process of a
long time and large scale complex basin (Ridwansyah et al.
2020; Zhang et al. 2022; Chordia et al. 2022). Based on
the water balance formula, the model combines land use,
soil type and slope, and divides a watershed into several
sub watersheds and Hydrological Response Units (HRUs),
through the analysis of canopy interception, infiltration,
redistribution, evapotranspiration, interflow, surface runoff,
subsurface runoff, and return flow of water in the unit, the
water cycle processes are calculated individually for each
hydrological unit; next, the hydrological response units and
sub-basins are connected through the calculation of slope-
based runoff yield, confluence, and river network confluence
to simulate runoff for an entire basin. The water balance
formula used in the model is as follows:

t
SWi = SW() + Z(Rday - qurf - Ea - chep - ng) (D
i=1

where SW, represents the final soil moisture content, mm;
SW, is the initial soil moisture content on day i, mm; ¢ rep-
resents time, d; R, is the precipitation on day i, mm; Q,,,,
is the surface runoff on day i, mm; E, is the evaporation on
day i, mm; W, stands for the amount of seepage flow and

bypass flow leaving the bottom of the soil profile on day i,
mm; and ng is the amount of water returned on day i, mm.

Terrain and the treatment of the gate dams

Shaying River basin is dominated by plain terrain (Fig. 2a).
The plain terrain is flat and interlaced, and the river extracted
from DEM cannot be completely consistent with the actual
situation, so the basin terrain needs to be treated during
model construction to ensure that the river network under
the plain terrain of the basin is reasonable (Gan et al. 2021).
The processing steps are as follows: (1) River network file
is superimposed into DEM through the (burn in) function,
which can be more consistent with the actual river water sys-
tem, while conducive to the model of hydrological division
and sub-basin boundary extraction; (2) The threshold value
of sub-watershed area is adjusted to an appropriate value:
the minimum, maximum and recommended sub-watershed
areas are given by calculating the filling depression and flow
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direction of DEM. The appropriate threshold value deter-
mines the appropriate river network fineness and number
of sub basins, so that there will not be many tributaries and
sub-watersheds that are inconsistent with the actual situation
and maintain a high simulation accuracy. In this study, we
compared the extracted water system map with the actual
water system map by importing the river network files and
setting different sub-basin areas thresholds, and finally
concluded that when the number of sub-basins was 51, the
extracted water system would be more consistent with the
actual water system. The water system and the sub-basin
division diagrams were shown in Fig. 2b.

The Shaying River Basin has many gate dams. The SWAT
model can simulate the impact of reservoirs on the water
cycle by adding reservoir as an independent unit to the outlet
of the corresponding sub-basin. Each sluice can be regarded
as ariver type of reservoir, characterized by both river evolu-
tion and weak reservoir regulation and storage. Therefore,
the simulation of the regulation and storage of water flow in
each sluice can allow researchers to draw lessons from the
concept of the regulation and water storage of reservoirs;
that is, the water first performs the confluences calculation in
the river and flows into a virtual reservoir, and then, it flows
out through the regulation and storage systems of the virtual
reservoir (Gan et al. 2021). We collected monthly outflow
data for four reservoirs (Baisha, Zhaotai, Baiguishan, and
Gushitan) and two sluices (Zhoukou and Huaidian), four
of which were located in the upper reaches of the Shaying
River Basin, and two were located in the middle and lower
reaches.

Parameter sensitivity analysis, model calibration
and verification

In the process of SWAT hydrological model construction,
the SWAT-CUP was used for the sensitivity analysis and
for the calibration (Qi et al. 2020). The significance of each
parameter is evaluated by t-test and is evaluated by sensitiv-
ity indicators t-Stat and P-value (Li et al. 2018; Abbaspour
et al. 2015). P-value is the significance of t-Stat. The P value
closes to 0 with the increasing t-Stat, which means that the
parameter sensitivity is strong. Select the sensitive param-
eters that affect runoff, iterate several times in SWAT-CUP,
and finally determine the parameter sensitivity ranking of
runoff in the study area according to the t-Stat and P-value
of each parameter.

After the sensitivity analysis, the parameters are selected
to calibrate SWAT hydrological model with reference to the
best simulation parameter values and recommended param-
eter range values to test whether the model can reflect the
situation of the study area. The model needs to be preheated
during the preheating period to exclude the influence of
parameter variables on the results (Chordia et al. 2022).
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Fig.2 The maps of a digital elevation model, b sub-basin divisions, ¢ soil distribution, and d slope divisions in the Shaying River Basin model

The determination coefficient (R?), Nash—Sutcliffe effi-
ciency coefficient (NSE) and percentage deviation (PBIAS)
were selected to evaluate the model simulation effect on
monthly scale. The R? and NSE values close to 1 means
that the model simulation effect is better (Bennour et al.
2022). In this study, it was considered that the runoff sim-
ulation results were qualified when R>>0.7, NSE > 0.6,
|PBIAS| < 25% (Gan and Chen 2021; Zhang et al. 2017a, b).

Scenario setting
Historical scenario setting

Combined with the analysis results of the evolution charac-
teristics of water cycle factors in the Shaying River Basin
(Han et al. 2020), it can be seen that the annual precipitation
in the study area changed abruptly around 1982, annual aver-
age temperature began to change around 2001. Therefore,
taking 2000 as the boundary, the meteorological data were

divided into two periods of 1982-2000 and 2001-2019, and
two periods of the land use data in 1980 and 2015. Dif-
ferent scenarios of land use and meteorological data were
set (Table 1). Among them, the comprehensive impact of
climate and land use changes on Shaying River runoff was
obtained by comparing scenarios S1 and S4; the impacts of
climate change on runoff were obtained by comparing sce-
narios S1 and S2; the impact of land use change on runoff
was obtained by comparing scenarios S1 and S3.

Table 1 Scenario settings of different land use and climate data

Scenario Data type (year) Scenario Data type (year)

Land use Meteoro- Land use Meteoro-

logical logical
S1 1980 1982-2000 S2 1980 2001-2019
S3 2015 1982-2000 S4 2015 2001-2019
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«Fig.3 Comparison of simulated and observed monthly streamflow at
the stations of a Zhoukou, b Luohe, ¢ Huaidian; dashed lines repre-
sent the demarcation lines between calibration (1992-2000) and vali-
dation periods (2001-2009)

Climate change scenario setting

Different combinations of precipitation and temperature
scenarios

Based on the daily average temperature and precipitation
data from 1960 to 2019, we increased the temperature
by—4°C,-2°C,—-1°C,1°C,2°C, and 4 °C; increased the
precipitation by —20%, — 10%, 10%, and 20%; and obtained
a total of 34 climate change scenarios by combining different
climate factors with single factor change scenarios. Also,
constant averages of daily average temperature and precipita-
tion from 1960 to 2019 were used as the baseline period to
compare the changes in streamflow at the basin outlet under
different climate change scenarios.

Global climate model scenario

CMIP6 is the largest participation mode, the most perfect
design and test, and the largest data provided since the
implementation of CMIP plan. It improves the long-standing
problems of model deviation and poor quantification of radi-
ation forcing in CMIP5 (Eyring et al. 2016). Seven types of
shared socio-economic path scenarios (SSPs) of five global
climate models (CanESMS5, IPSL-CM6A-LR, MIROCS6,
MRI-ESM2-0 and CNRM-ESM2-1) in the CMIP6 plan were
selected, and the five climate models had good applicability
in the Shaying River Basin (Jiang et al. 2020). The SSPs sce-
narios represent the possible development direction and situ-
ation of the future socio-economy under the influence of cli-
mate change and government-related policies (Eyring et al.
2019), mainly including SSP1-1.9, SSP1-2.6, SSP2-4.5,
SSP3-7.0, SSP4-3.4, SSP4-6.0 and SSP5-8.5. The SSP1-1.9
and SSP1-2.6 belong to the low radiation forcing scenario,
representing a sustainable development path. The SSP2-4.5
belongs to the medium radiation forcing scenario, represent-
ing the medium development path. The SSP3-7.0 belongs
to the middle and high level forced scenario, representing
the regional competition path. The SSP4-3.4 belongs to the
low radiation forcing scenario, representing the unbalanced
development path, and the SSP4-6.0 belongs to the medium
emission scenario. The SSP5-8.5 belongs to the high radia-
tion forcing scenario, representing the path dominated by
traditional fossil fuels (O'Neill et al. 2014). Extraction of
precipitation and temperature data from 2015 to 2200 under
seven paths of CMIP6 climate model (https://esgf-node.lInl.
gov/search/cmip6/), and it was divided into three stages in

the short-term (2025-2040), mid-term (2055-2070) and
long-term periods (2085-2000) of the twenty-first century
to simulate the runoff response of Shaying River Basin under
different future path scenarios.

Because the spatial resolution of CMIP6 is generally low,
there will be a large deviation when describing regional
small-scale climate information. Therefore, the Delta down-
scaling method was used to combine the climate model data
with the reanalysis data of ground high-altitude resolution,
so as to achieve spatial downscaling and improve data accu-
racy (Harris et al. 2014; Xu et al. 2017).

Results
Model calibration and validation

Based on the parameter sensitivity ranking in the process of
model calibration, eight parameters were selected for run-
off simulation, as follows specifically: surface runoff (CN2),
groundwater (ALPHA_BF, GWQMN, GW_REVAP), soil
evaporation (ESCO), and soil characteristics (SOL_AWC,
SOL_K, SOL_Z). Among them, GWQMN (threshold depth
in mm of water in the shallow aquifer required for return
flow to occur) and CN2 (initial SCS runoff curve number
for moisture condition II) are the most sensitive parameters
affecting the Shaying River Basin. In addition, the ground-
water related parameter (GW_REVAP) also has high sensi-
tivity in the Shaying River Basin, which is the groundwater
“revap” coefficient.

We selected 1990-1991, 1992-2000, and 2001-2009 as
the preheating, calibration, and model validation periods,
respectively. The SWAT model was calibrated and validated
based on data from three hydrological stations, Zhoukou,
Luohe, and Huaidian. Figure 3 and Table 2 showed that the
simulated and observed values of the three stations match
well. The R? and NSE for the calibration and verification
periods were greater than 0.7 and 0.6, respectively, and
|PBIAS| < 25%, indicating that there was good consistency
between the simulated and observed monthly runoff in cali-
bration and validation periods. Therefore, the model was
applicable to the runoff simulation analysis in the Shaying
River Basin.

Analysis of runoff responses to land use and climate
changes

Land use change conditions
From Fig. 4 and Table 3, it can be seen that agricultural
land accounts for the largest proportion (73.6% and 69.0%

in 1980 and 2015, respectively) in the catchment of Shay-
ing River Basin, followed by built-up area with 12.2%
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Table2 SWAT model

. . Station Calibration (1992-2000) Validation (2001-2009)
performance for the calibration
and verification of monthly NSE R? PBIAS (%) NSE R? PBIAS (%)
runoff in the Shaying River
Basin Zhoukou 0.81 0.83 - 64 0.72 0.84 2.1
Luohe 0.74 0.81 - 155 0.81 0.81 -89
Huaidian 0.81 0.83 13.8 0.68 0.87 5.5
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(a)

Fig.4 Spatial distribution of land use in the Shaying River Basin in
1980 (a) and 2015 (b). Note: AGRL, agricultural land; FRST, forest
land; PAST, pasture; WATR, water area; URBN, urban residential

Table 3 Land use change in the Shaying River Basin in 1980 and 2015

(b)

land; URLD, rural homestead (low density); UIDU, industrial land;
WETL, wet land

Land use types 1980 2015 1980-2015
Area (km?) Proportion (%) Area (km?) Proportion (%) Change in area (km?) Proportion (%)

Agricultural land 30,234.7 73.6 28,322.0 69.0 -1912.7 —-4.6
Forest land 3439.4 8.4 3338.8 8.1 —100.6 -0.3
Pasture 1603.5 39 1160.6 2.8 —4429 —1.1
Water area 658.1 1.6 768.5 1.9 110.4 0.3
Residential land 5022.7 12.2 6924.3 16.9 1901.6 4.7

(including low

density)
Industrial land 87.8 0.2 537.0 1.3 449.2 1.1
Unused land 6.2 0.1 1.2 0.0 -5.0 -0.1
Total 41,052.4 100 41,052.4 100

and 16.9%, respectively, and the rest were forest land,
grassland, water area, industrial land and unused land in
descending order. With economic and social development
and the acceleration of urbanization in recent decades, the
proportion of agricultural land, forest land, grassland and
unused land have decreased to a certain extent, while the
proportion of other land have increased.

@ Springer

The spatial extent of residential land increased signifi-
cantly in 2015 compared to 1980, by 4.6%, with an aver-
age annual increase of 52.8 km?. This was caused by rapid
economic development and population growth, while agri-
cultural land, forest land, grassland, and unused land were
also affected, with forest land and grassland decreasing in
proportion by 1.4% over the past 36 years, with an average
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annual decrease of 15.1 km?. In addition, owing to the con-
struction of gate dams and reservoirs in the basin, the water
area increased to 768.5 km? in 2015.

Response of runoff to land use and climate changes

The rainfall and runoff processes of Shaying River Basin
under S1-S4 scenarios were simulated respectively, and
the annual average runoff depth changes of the basin were
compared (Table 4). The runoff depths of scenario S1, S2,
S3 and S4 were 257 mm, 298 mm, 259 mm and 301 mm
respectively, and the conversion rates of precipitation to
runoff were 34.3%, 38.5%, 34.6% and 38.9% respectively.
Comparing between scenario S1 and S4, the comprehen-
sive impact of land use and climate changes caused the
annual runoff depth to increase by 44 mm, which increased
by 17.1%. The comparison between scenarios S1 and S3,
and between scenarios S2 and S4 showed that the average
annual runoff depth caused by land use change decreases
by 2 mm and 3 mm respectively with the same precipita-
tion and temperature. The comparison between scenarios
S1 and S2, and between scenarios S3 and S4 showed that
the precipitation and temperature in 2001-2019 increased by
25 mm and 0.8 °C respectively compared with 1982-2000,
and under the same land use conditions, the average annual
runoff depth increased by 41 mm and 42 mm respectively.
The impacts of land use and climate changes on annual run-
off depth were 0.9% and 16.1% respectively, which meant
that climate change has a greater impact on runoff.

Figure 5 shows the differences in annual average run-
off depth under different scenarios in each sub-basin of the
Shaying River. Figure 5a shows that the runoff depth of the
catchment area of tributaries in the middle and upper reaches
of the Shaying River Basin had an increasing trend, espe-
cially in the mainstream of the middle reaches, while the
increase of runoff depth in the upper reaches in Zhengzhou
were mainly caused by the rapid development of urbaniza-
tion and the drastic changes in the underlying surface condi-
tions. From Fig. 5b, one can see that an increasing trend was
observed for runoff depth in the upstream region, and the
runoff depth of the tributary confluence areas in the upper

and middle reaches changed drastically, and a significant
impact on the runoff depth in the lower reaches of the main
stream. Figure 5c shows that the runoff depth of the entire
basin had an increasing trend, and the increase in the main-
stream of the middle and lower reaches was the most obvi-
ous. Meanwhile, the variation trend in Fig. 5S¢ was consistent
with that in Fig. 5b, which indicates that the climatic condi-
tions were the dominant factor affecting the runoff change
in the Shaying River Basin.

Analysis of runoff responses to climate change
Runoff responses with single climatic factor

When the annual precipitation remained constant and tem-
perature decreased by 4 °C, 2 °C, 1 °C or increased by 1 °C,
2 °C, 4 °C, the average annual streamflow in the Shaying
River Basin increased by 20, 9, 7 m?/s or decreased by 7,
13,21 m?/s, respectively (Fig. 6). Meanwhile, the difference
of simulated average annual streamflow values versus that
of the baseline period (1960-2019) ranged from—17.2%
to 15.8%. The greater the variation in temperature, the
greater the difference in streamflow. When the tempera-
ture remained constant and precipitation decreased by
20%, 10% or increased by 10%, 20%, the average annual
streamflow decreased by 72, 41 m?/s or increased by 43,
109 m?/s, respectively; the difference of simulated average
annual streamflow versus that of the baseline period ranged
from —59.8% to 92.9%. When compared with the temper-
ature, one can concluded that precipitation had a greater
impact on streamflow of the Shaying River Basin.

Responses of runoff with multi-climate factors

It can be seen from Fig. 7 that the lower the temperature
and the more the precipitation, the greater the annual aver-
age flow simulated, that is, the impact of rainfall and tem-
perature on runoff was usually opposite. Among them, the
simulated average annual streamflow under the combined
scenario with the minimum temperature and maximum pre-
cipitation (AT = —4 °C, AP= +20%) was the greatest, with

Table 4 Changes in runoff depth under land use and climate changes scenarios in the Shaying River Basin

Scenario Data type (year)

Average annual

Changes in runoff depth under different scenarios (mm)

- . runoff depth - _
Land use Meteorologicalcondition (mm) Response Response to climate  Comprehensive
— to land use response to land use and
Year Erec1p1ta- Tempera- change climate
tion (mm) ture (°C)
S1 1980 1982-2000 749 15.1 257 S3-S1=2 - -
S2 1980 2001-2019 774 159 298 S4-S2=3 S2-S1=41 -
S3 2015 1982-2000 749 15.1 259 - - -
S4 2015 2001-2019 774 15.9 301 - S4-S3=42 S4-S1=44
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Fig.5 Spatial distribution of average annual runoff depth under four
change scenarios in the Shaying River Basin: a land use change sce-
narios (differences in average runoff depth between S1 and S3 as well
as S2 and S4), b climate change scenarios (differences in average run-
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Fig.6 Streamflow response to change in single climate factor, a temperature or b precipitation

a maximum increase of 324 m>/s (81.9%) compared to that
of the baseline period (Fig. 7). When under another com-
bined scenario (AT =4 °C, AP= —20%), the average annual
streamflow declined by 282 m*/s (70.9%) at most compared
to the baseline period. The Shaying River Basin has high
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temperature and rainy in summer, and low temperature and
little rain in winter. Precipitation is an important supple-
ment to annual runoff. However, the impact of temperature
on runoff in winter and early spring is mainly through the
melting of ice and snow in the basin, and the contribution to
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Fig. 7 Simulation result of 24 different climate scenarios on streamflow

runoff change in this season is greater than that of precipita-
tion (Gu and Shan 2022).

Analysis of runoff responses to global climate model

Correlation analysis of climatic and hydrological elements
under different scenarios

According to the global future climate scenario from 2015 to
2100, the monthly runoff changes in the Shaying River Basin

1995 2000 2005 2010 2015 2020

during the short-term (2025-2040), mid-term (2055-2070)
and long-term periods (2085-2000) were simulated. And
based on the historical climate development patterns from
1960 to 2019 (baseline), future monthly scale precipitation,
temperature, and runoff were simulated according to the lin-
ear trend. The correlation between monthly precipitation,
temperature and runoff depth in Shaying River Basin was
calculated (Table 5). It can be seen from Table 5 that under
the baseline and seven scenarios, precipitation showed an
increasing trend over time, especially during the long-term

Table 5 The predicted values

Baseline period
of average annual runoff depth,

SSP119 SSP126 SSP245 SSP370 SSP434 SSP460 SSP585

precipitation and temperature P1 (2025-2040) Runoff depth/mm

in Shaying River Basin from Precipitation/mm

2015 to 2100 with correlation P
Correlation

coefficients between the runoff
depth and the precipitation or
temperature

Temperature /°C
Correlation
Runoff depth/mm

Precipitation/mm

P2 (2055-2070)

Correlation
Temperature /°C
Correlation
Runoff depth/mm

Precipitation/mm

P3 (2085-2100)

Correlation
Temperature/°C
Correlation

23629 222774 20607 185.26 211.58 230.69 190.29
646.92 653 612 572 625 675 606
0.39% 0.25%* 0.34 0.37 0.41%%  0.51*%%  0.35
16.2 16.9 16.9 17.1 16.2 16.3 16.3
0.17  0.24* 0.31 0.20 0.04* 0.25 0.24%*
24323  210.85 296.17 24992 236.87 24296 236.44
673.93 627 728 678 659 666 687
045 050 0.63** 0.33* 047 0.43** 0.27
16.9 16.9 17.0 17.2 17.3 17.3 17.1
0.23* 0.01* 0.29 0.15 0.25%*  0.05 0.25%
297.68 25328 249.19 32891 24645 270.71 276.99
736.84 675 671 752 693 713 720
0.48%* 0.36* 0.54**  0.58 0.60%*  0.53%%  (.44%%*
17.2 16.3 16.6 17.5 18.5 17.7 18.0
0.25* —-0.01 0.01* 0.24* 0.24 0.28 0.27%*

*P<0.05, **P<0.01
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period, in which four scenarios had an average annual pre-
cipitation of more than 700 mm. A strongly positive correla-
tion existed between precipitation and runoff depth.

Under the baseline, the temperature increased with time
and reached the maximum of 17.2 °C during the long-term
period; And there was a maximum temperature during the
mid- and long-term periods of the SSP585 scenario, with
values of 18.0 °C and 19.9 °C, respectively, indicating that
the temperature will increase significantly under the high
radiative forcing. Except for SSP1-1.9 and SSP1-2.6 sce-
narios, the temperature under other scenarios showed an
increasing trend over time. The correlation between temper-
ature and runoff depth in each period was not significant and
smaller than the correlation between precipitation and runoff
depth. Therefore, the main controllng factor of annual runoff
in Shaying River Basin is precipitation, and the temperature
mainly affects the runoff by affecting evapotranspiration and
ice-snow melting.

Analysis on variation trend of runoff depth under different
scenarios

Comparing the simulated monthly runoff depth during the
three periods under seven scenarios with the simulated base-
line monthly runoff depth based on the continuation of his-
torical climate development laws, spatio-temporal variations

in runoff depth in the Shaying River Basin are shown in
Table 6 and Fig. 8.

With the combined effects of precipitation and tem-
perature, the depth of runoff under seven scenarios was
predicted to increase significantly from February to May,
and decreased obviously from July to October. In the
short-term, the maximum rate of increase in runoff depth
occurred in February under the SSP126 pathway scenario,
reaching 400%. Meanwhile, the minimum increase occurred
in October under the SSP245 pathway and August under
the SSP370 pathway, reaching —81%. In the long-term, the
increase rate of runoff depth from February to May was
more obvious than that in the short- and mid-terms, by as
much as 835%. Meanwhile, the reduction in runoff depth
from July to October was smaller than that in the short- and
mid-terms. Therefore, there may be a trend of increasing
runoff depth in the Shaying River Basin in the future.

Under the future global climate scenario, the runoff
depth in the mainstream area of the basin was predicted to
increase and that in the non-mainstream area was predicted
to decrease under the seven pathways, and the degree of
decrease was predicted to be smaller than that of the increase
(Fig. 8). In the catchment area of tributaries in the middle
and upper reaches of the basin, the runoff depth was pre-
dicted to change significantly, while the runoff depth in the
middle and lower reaches of the mainstream also was also
predicted to increase significantly. Under the same pathway,

Table 6 Monthly and long-term variations in runoff depth in the Shaying River Basin under the seven SSP scenarios

Term Scenario January February March April May June July August September October November December
P1 (2015-2040) SSP1-1.9 56% 274% 154% 79% 110% —-6% —39% —65% —61% -38% —39% -25%
SSP1-2.6 —-5%  400% 235% 82% 86% 13% —47% —26% —42% 7% —44% —-43%
SSP2-4.5 —-70% 223% 201% 162% 153% 45% —-61% —44% —64% -81% —81% —49%
SSP3-7.0 —28% 243% 255% 234% 197% —14% —69% —81% —80% -60% —56% -11%
SSP4-3.4 —-38% 316% 8%  221% 244% 43% -51% -37% -31% -69% —66% —43%
SSP4-6.0 —22% 142% 345% 118% 25% —28% —66% —65% —52% -68% —70% -39%
SSP5-8.5 8% 321% 365% 176% 151% 156% —56% —67% —76% -72% —62% —45%
P2 (2055-2070) SSP1-19 -36% 179% 470% 107% 135% —16% —73% —59% —70% -59% —57% —12%
SSP1-2.6 2% 498% 198% 158% 232% 59% —-43% —-45% —41% —-40% —52% —-10%
SSP2-45 —-2%  482% 431% 262% 317% —6% —35% —61% —36% —-58% —56% —44%
SSP3-7.0 —-47% 293% 217% 133% 177% —6% —55% —8% —46% —47% —26% -30%
SSP4-34 —18% 414% 349% 267% 192% —-53% —-9% —52% —49% —-45% —13% 65%
SSP4-6.0 —6%  360% 332% 263% 56% 97% -32% —-66% —74% -61% —56% —-41%
SSP5-8.5 —56% 498% 299% 288% 180% 243% —40% —52% —54% -67% —79%% —45%
P3 (2085-2100) SSP1-1.9 26% 551% 264% 165% 140% 7% —48% —-65% —T74% —-47% 2% 93%
SSP1-2.6 —10% 404% 504% 345% 197% 16% -62% -T71% —68% -52% —41% 39%
SSP2-45 -3%  691% 835% 320% 305% 243% -36% —4% —26% -51% —55% —-5%
SSP3-7.0 —-16% 183% 602% 170% 220% 177% —29% —-40% —37% -65% —51% 4%
SSP4-3.4 107%  466% 301% 215% 158% 16% -32% -41% 6% -56% —32% 61%
SSP4-6.0 29% 644% 368% 236% 287% 114% —48% —-6% 712% -33% 1% 22%
SSP5-8.5 37% 538% 563% 282% 204% 50% -35% —16% —47% -62% —45% 38%
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the predicted long-term change in runoff depth was more
obvious. In the short-term, the predicted runoff depth under
the SSP585 and SSP434 pathway scenarios changed more
significantly than that under the other pathway scenarios,
and the increase occurred mostly in the downstream region.
In the mid-term, the change under the SSP126 pathway sce-
nario was the most obvious, especially in the downstream
region. In the long-term, the runoff under all seven pathway
scenarios changed significantly when compared with that in
the mid- and short-term simulations. Synthesizing the short-,
mid-, and long-term situations, the areas with notable runoff
changes were predicted to most likely be concentrated in the
lower reaches of the Basin.

Discussion

Based on the historical meteorological and hydrological data
in recent decades, this study applied the SWAT model to
Shaying River Basin under the influence of gate dam dis-
charge through the process of parameter surface perceptual
analysis, calibration and verification. However, during mod-
eling, only the discharge of large reservoirs and sluices with
measured data was directly input into the model as reservoir
flow data, neither considering the dispatching rule of reser-
voirs and sluice dams, nor processing the reservoirs without
measured data. In order to better simulate the actual runoff
process, it is necessary to further collect the relevant data of
the dams and reservoirs in the basin, add them to the model.
For different reservoirs without measured data, the sched-
uling rules that conform to their scheduling characteristics
are set up and embedded in the SWAT reservoir module to
further improve the simulation accuracy of the model and
construct a SWAT model more suitable for the study basin.

The SWAT model showed an increasing trend of run-
off under the influence of climate and land use changes in
Shaying River Basin. The conversion of land use types has
a great impact on water resource management and flood
control. The increase of built-up area will increase the peak
flow caused by rainstorm, advance the peak time and con-
sequently increase the flooding risk, while the forest will
function to intercept rainfalls, reduce the flood volume and
thus slow down the flooding process (Prokesova et al. 2022;
Tamm et al. 2018). In this paper, the reduction of agricul-
tural land, forest land and grassland area and the increase of
residential area all play an increasing role in runoff, which
directly affect river ecosystems, water use and management.

In the response analysis of runoff to the future climate
models, only precipitation and temperature were considered,
while wind speed, humidity and sunshine hours and other
climate factors were not considered. These climate factors
are important for the water cycle, and their absence would
reduce the accuracy of runoff simulation. And considering
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them will improve the accuracy of the simulation. Therefore,
adding more climate factors that affect runoff simulation
under future climate conditions, as well as considering gov-
ernment planning for land use, is the direction that needs
further research.

Conclusions

1. R? and NSE in calibration and verification periods were
0.80, 0.83 and 0.77, 0.73 respectively, and PBIAS was
within +25%. Therefore, the SWAT hydrological model
was fitted well to on runoff simulation in Shaying River
Basin.

2. During the historical period, the runoff depths under
the four scenarios S1, S2, S3 and S4 were 257 mm,
298 mm, 259 mm and 301 mm respectively. The com-
bined effects of land use and climate changes increased
the average annual runoff depth by 44 mm, while land
use changes (i.e., decrease in agricultural land and the
increase in built-up area) reduced the average annual
runoff depth by 2 mm and 3 mm, and precipitation and
temperature changes increased the average annual runoff
depth by 41 mm and 42 mm, respectively. The impacts
of land use and climate changes on the average annual
runoff of the Shaying River Basin accounted for 0.9% and
16.1%, that is, the impacts of climate change on the runoff
was more obvious than land use change.

3. The greater the variation of precipitation and tempera-
ture, the greater the amplitude of runoff. The simulated
annual average flow under the scenario (AT= —4 °C,
AP = +20%) was the largest with the maximum of
81.9% higher than the baseline period. Under the scenario
(AT =4 °C, AP= —20%), the maximum annual average
flow decreased by 70.9% compared with the baseline
period.

4. In the future climate scenarios, the precipitation will be
the main controlling factor affecting runoff. Toward the
end of twenty-first century, the runoff will increase and
advance, and the runoff depth in the main stream area of
the basin will increase, while the runoff depth in the non-
main stream area will decrease. The runoff changes in the
lower reaches of the Shaying River basin will be the most
significant in the future.
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