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Abstract: Guishui River Basin in northwestern Beijing has ecological significance and will be one of
the venues of the upcoming Beijing Winter Olympic Games in 2022. However, accelerating climate
change and human disturbance in recent decades has posed an increasing challenge to the sustainable
use of water in the basin. This study simulated the runoff of the Guishui River Basin using the Soil
and Water Assessment Tool (SWAT) model to reveal the spatio-temporal variations of runoff in the
basin and the impacts of climate change and human activities on the runoff changes. The results
showed that annual runoff from 2004 to 2018 was relatively small, with an uneven intra-annual
runoff distribution. The seasonal trends in runoff showed a decreasing trend in spring and winter
while an increasing trend in summer and autumn. There was a first increasing and then decreasing
trend of average annual runoff depth from northwest to southeast in the study area. In addition,
the contributions of climate change and human activities to changes in runoff of the Guishui River
Basin were 60% and 40%, respectively, but with opposite effects. The results can contribute to the
rational utilization of water resources in the Guishui River Basin.

Keywords: SWAT model; runoff changes; climate change; human activities; Guishui River Basin

1. Introduction

Water resources are key to human survival and development and form an integral component
of ecosystems. However, water resources at a global scale are facing increasing threats due to rapid
economic development, population growth, and urban expansion [1]. Climate change has changed
the temporal and spatial distribution of global precipitation, temperature and other meteorological
elements, resulting in an increase in the frequency and intensity of floods and droughts [2]. It is
predicted that by 2025, 3 billion people will have insufficient access to potable water, and 40 countries
and regions will be water stressed [3]. China, as the world’s most populous country, hosts approximately
18% of the global population (1.4 billion people), but with only 6% of global freshwater resources.
China therefore faces long-term challenges related to water deficits and an uneven spatial and temporal
distribution of water resources [4-6]. In recent years, water stress in China has been exacerbated by
the deterioration of the ecological environment, and by the use of outdated and water inefficiency
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technology in industry and agriculture, serious waste of water, and water pollution; thereby, seriously
limiting national economic development in China [7,8]. Therefore, obtaining further knowledge on
the impact of the changing environment on water resources is essential for achieving sustainable
development of water resources [9].

The current dominant drivers of change to the environment that significantly affect water resources
include climate change and human activities [10,11]. Climate change, in particular precipitation, is
the driving factor of spatial and temporal changes to water resources [12]. The accelerating impacts
of global warming have resulted in water management authorities globally placing increasing focus
on simulation methods of water resources [13]. The United Kingdom issued the "White Paper on
Water Policy-Water for Life", which proposed comprehensive reforms in the water intake permit
system, water industry, environmental management, and water conservation to ensure water security
and the ecological integrity of aquatic ecosystems. China has similarly responded to the challenge
posed to water resources by climate change through various means, including strengthening water
resources infrastructure and improving water resource allocation [14,15]. However, the significant
impact of human activities on water resources must also be considered [16]. There has been a move
by countries globally to move towards a stage of “new urbanization” since the beginning of the 20th
century. The rapid development of agriculture and industry coinciding with rapid increases in human
populations have seen a gradual increase in the impacts of human activities on water resources [17].
Water deficits which are exacerbated by water pollution are becoming increasingly prevalent, and water
is therefore increasingly becoming a major limiting factor to economic development of a basin [18,19].
Nash et al. found that climate change is the leading factor leading to the change of runoff in the
Colorado River Basin [20]. Bewket et al. believed that the leading factor for change in runoff is
man-made destruction of the natural environment [21]. Current researches treat human activities and
climate change as two non-interfering factors, and assess their impact on runoff changes by separating
their impact on the hydrological process of the basin. However, how to correctly separate the effects of
climate change from human activities is still quite difficult.

Hydrological modeling remains the primary means of exploring and understanding the complex
hydrological processes of a river basin, which can be categorized into lumped or distributed models [22].
Lumped hydrological models operate at the entire basin; therefore, they do not consider the spatial
heterogeneity of hydrological elements, and variables and parameters used in the model are mostly
averaged. In contrast, distributed hydrological models discretize the watershed into smaller spatial
units; thereby, considering surface and subsurface flow changes at a finer spatial scale, so as to more
accurately reflect the true hydrological process in the watershed [23]. With the continuous development
of remote sensing and geographic information system technology, the Soil and Water Assessment Tool
(SWAT) model, which is equipped with an ArcGIS (geographic information system) platform, has been
widely used in hydrological simulation studies [24-26].

The Guishui River Basin is located in the Yanging District of Beijing and will be one of the venues
for the 2022 Winter Olympic Games. Since the availability of water and snow in the mountainous area
of the basin will be essential for the success of the games, there will be increasing focus on developing
a rational and sustainable water management policy for the basin. However, Beijing has suffered
droughts lasting nearly 10 years since the beginning of the late 20th century. Affected by the terrain
of the Guichuan Basin, the average annual precipitation in the Guishui River Basin is generally low.
Guishui River traverses the Guichuan Basin and is surrounded by mountains on three sides. Due to
the closed topography of the basin and the surrounding mountains, it is difficult for the ocean water
vapor to enter and there is little precipitation. Therefore, the precipitation supply of Guishui River
becomes less. In addition, large-scale production and construction activities accompanying economic
development have led to a sharp drop in the runoff into the Guishui River Basin, which has led to
increasing water deficits; thereby, restricting the regional ecological environment, social and economic
harmony, and sustainable development. Therefore, the present study applied the SWAT model to
simulate the runoff of the Guishui River Basin in the Yanqing District of Beijing. This allowed the
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analysis of the temporal and spatial variations of runoff in the basin. On this basis, the present study
attempted to distinguish between the relative contributions of climate change and human activities to
changes of the runoff in the Guishui River, with a view to providing a scientific basis for the rational
planning and management of water resources in the Guishui River Basin.

2. Materials and Methods

2.1. Study Area

The Guishui River Basin is located with an area of 625.83 km? in the northwest of Beijing
(40°21'507-40°38"40” N and 115°48’51”"-116°20"42"" E), and includes the towns of Zhangshanying,
Jiuxian, Xiangying, Liubinbao, Yongning, and Jingzhuang (Figure 1). The northern, eastern, and
southern sides of the basin are surrounded by high mountains, whereas the central part is flat with
a small number of hilly areas, mainly composed of low-lying wetlands, lakeside plain, and alluvial
plain near the river banks. The Guishui River Basin is situated adjacent to the Guanting Reservoir in
the West. The study area has a typical continental monsoon climate in the northern temperate zone,
with cold and dry winters and cool and rainy summers. According to meteorological data from 1990
to 2018, the annual average temperature is 10 °C and the average yearly precipitation is ~466 mm.
Moreover, the rainy season extends from June to September, accounting for 70%-80% of annual rainfall.
The main sources of water in the basin are precipitation, groundwater and releases from the Baihebu
Reservoir. Surface water in the basin accounts for 16.2% of the total surface water resources in the
Yangqing District, and the distribution of groundwater resources is relatively uneven. In recent years,
the river flow has declined due to the gradual increase in household and industrial water consumption.
In addition, there has been increasing over-exploitation of groundwater resources. Therefore, there are
increasingly prevalent and severe periods of water deficit in the basin.

115°50'0'E 116°0'0"E 116°10'0'E 116°20'0"E

®
N BIBSK

40°40'0"N

Legend

®  Weather Station

40°35'0"N

Monitoring Station

— Guishui River

Contour (300m interval)

[:| Provincial boundary
mm High : 2212 m

40°30'0"N

S TLow:473 m

0 35 7 14
T ki

40°25'0"N

Figure 1. Location of study area.

2.2. Data Sources and Processing

The datasets used in this study included meteorological, hydrological, land use, digital elevation
model (DEM), and soil data. Daily meteorological data for the period 2004-2018 were obtained from
the Beijing Meteorological Bureau of the Yanqing District and the China Meteorological Data Network,
covering eight stations including the Baihebu Reservoir, Zhangshanying, Xiangcunying, Yongning,
Sihai, Kangzhuang, Jiushi, and Yanqing. As there are only three weather stations situated within
the study area, data from a further five weather stations situated nearby were used to interpolate
meteorological data to a grid scale. Monthly runoff data from 2004 to 2018 were obtained from the
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Water Affairs Bureau of Yanqing District, Beijing, which were for a monitoring station at the control
section of the East Bridge in Yanqing District.

The land use data in 2008 and 2018 were obtained based on the Systeme Probatoire d’Observation
de la Terre (SPOT) remote sensing images through manual visual interpretation. The spatial resolutions
of the remote sensing images were 1.5 m X 1.5 m. Interpretation of the land use data of 2018 was verified
based on field surveys, with a verification accuracy of 96.5%. Land use data was reclassified and
recoded into a total of 7 categories according to the SWAT land use classification system: (1) cultivated
land (AGRL), (2) forestry area (FRST), (3) orchard land (ORCD), (4) grassland (HAY), (5) water area
(WATR), (6) built-up area (URHD), and (7) barren land (BARR).

The DEM data were downloaded from the Advanced Spaceborne Thermal Emission and Reflection
Radiometer Global Digital Elevation Model (ASTER GDEM) dataset provided by the geospatial data
cloud, with a spatial resolution of 30 m X 30 m. The soil type distribution map was derived from the
spatial distribution data of the soil types of China provided by the resource and environment data
cloud platform, with a spatial resolution of 1 km x 1 km. The general parameter values of some soil
properties were derived from Volume 4 of the Chinese Soil Species and the Chinese Soil Database.

2.3. Methodology

2.3.1. SWAT Model

The SWAT model, developed by the Agricultural Research Center of the US Department of
Agriculture, is a physically-distributed hydrological model applied at the watershed scale [27,28].
Hydrological simulation in the SWAT model mainly involves two parts. The first is the land phase of
the hydrological cycle following the water balance principle (Equation (1), and includes precipitation,
runoff, evapotranspiration, infiltration, and backflow components [29]. This process regulates the
input of water, sediment, and nutrients from the main channels in each sub-basin. The second part is
the confluence stage of the hydrological cycle, which mainly involves the confluence calculation of the
main river channel and the reservoir [30]. This stage simulates the migration of water, sediment, and
other substances from the river channel to the watershed outlet.

t
SW; = SWy +

(Rday - qurf —E, - Wseep - ng) 1)
i=1

In Equation (1), SW; is the final soil water content (mm), SWy is the initial soil water content
on day i (mm), Ry, is precipitation on day i (mm), Qg is surface runoff on day i (mm), E, is
evapotranspiration on day i (mm), W is the amount of water entering the aeration zone from the
soil profile on day i (mm), Qg refers to the returned water volume on day i (mm), and ¢ refers to the
time (days).

2.3.2. Runoff Impact Assessment Model

Within the runoff impact assessment model, the hydrological model was used to simulate runoff
under the assumption that there is no obvious disturbance during the disturbance period (Figure 2).
Therefore, it is necessary to establish the time node of base period and disturbance period [17]. Then,
the hydrological model, which was calibrated over the base period, was used to simulate the runoff
over the disturbance period so as to quantify the overall impacts of both climate change and human
activities on watershed runoff.

The change in observed runoff data between the base period and disturbance period allowed
overall change in runoff to be calculated using Equation (2). At the same time, the change in total
runoff could be approximated as the sum of runoff changes resulting from climate change and human
activities, which can be expressed by Equation (3) [31].

AQ = |Qu2 — Qo1 ¢)
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AQ = AQ. + AQy, 3)

In Equations (2) and (3), AQ is the total runoff change, Qo2 is the average observed runoff during
the disturbance period, Q, is the average observed runoff during the base period, and AQ. and
AQ)y, are changes of the runoff resulting from climate change and human activities, respectively.

Based on the SWAT simulations of runoff, AQ, and AQj could be further expressed by
Equations (4) and (5).

AQe =[Qs - Q| 4)
AQy = 1AQ = AQ| ®)
In Equation (4), Qs is the average simulated runoff during the disturbance period.

Furthermore, the relative contributions of climate change and human activities to changes of the
river basin runoff could be expressed by Equations (6) and (7), respectively.

e}
© T IAQA + AQy]

Up = —AQh
[AQc| + [AQp]

In Equations (6) and (7), u. and uy represent the contributions of climate change and human
activities to changes of the runoff in the basin, respectively.
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x 100% @)

Runoff
»
ra
»
—
=3
S

-« Simulated data Q e l

g
—=—  Observed data Q,

Base period ——— Interference period ——

Time

Figure 2. Runoff impact assessment model.
2.3.3. The Runoff-Concentration Degree and Runoff-Concentration Period

The runoff-concentration degree (RCD) and runoff-concentration period (RCP) are important
indicators to reflect the concentration of annual runoff and the period of maximum runoff with
monthly runoff. The RCD refers to the proportion of the combined amount of the horizontal and
vertical components of the monthly runoff in the annual runoff, and reflects the concentration of the
annual runoff during the year. The RCP represents the orientation of the runoff vector after synthesis,
and reflects the date when the center of gravity of the runoff concentration during the year appears.
They can be expressed by the following formula:

12 12

Ry = Z risin0;, Ry = Z r; cos 6; (8)

i=1 i=1
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RCD = il Ri 9
= 1= ©)
Ry
RCP = arctanR— (10)

4

where R is the annual runoff; Ry and Ry, represent the horizontal and vertical components formed by
the sum of the components of 12 months (i =1, 2, 3, ..., 12), respectively.

2.4. Calibration and Verification of the SWAT Model

This study ensured maximum accuracy of the simulated results by applying the SWAT calibration
and uncertainty analysis tool SWAT Calibration and Uncertainty Procedures (SWAT-CUP) and
the continuous uncertainty matching algorithm Sequential Uncertainty Fitting Version 2 (SUFI-2),
developed by the Swiss Federal Institute of Aquatic Sciences [32]. These procedures were used for
a model sensitivity analysis and a subsequent model calibration and verification. The results of
parameter sensitivity by the SUFI-2 algorithm was evaluated by the ¢-stat statistic, with larger absolute
values of t-stat indicating greater influence of a particular parameter on model simulations. The p-value
is used to determine the significance of the influence, with p-value closer to 0 indicating greater
significance. It is reasonable to assume that the SWAT model parameters would be sensitive to the
flood and non-flood seasons; therefore, the model was separately calibrated and verified for the two
seasons in this study. Since the flood season of the Guishui River Basin generally extends from June
to September, this study applied June to September as the flood season and October to May of the
following year as the non-flood season. Table 1 showed the results of global sensitivity analysis of the
parameters after setting the initial range of the parameters and performing 1500 simulations for the

flood and non-flood seasons.

Table 1. The sort of the sensitive parameters.

Period Rank Parameters Definition t-Stat  p-Value
1 SOL_K Saturated hydraulic conductivity 16.07 0.00
2 CANMX Maximum canopy storage 6.52 0.00
3 CN2 SCS runoff curve number 2.38 0.02
4 SLSUBBSN Average slope length 2.15 0.03
Flood 5 ESCO Soil evaporation compensation factor -1.91 0.06
season 6 GW_REVAP Groundwater "revap" coefficient 1.56 0.12
7 HRU_SLP Average slope steepness -1.44 0.15
3 CH_K1 Effect.ive hydraulic conduc’FiVity in 128 0.20
tributary channel alluvium
9 CH_N2 Manning’s "n" value for the main channel 1.25 0.21
10 ALPHA_BF Baseflow alpha factor —-0.94 0.35
1 GWOMN Treghold depth of water in the shallow 11.39 0.00
aquifer required for return flow to occur
2 SOL_AWC Available water capacity of the soil layer 4.14 0.00
3 CANMX Maximum canopy storage 2.56 0.01
Non-flood 4 ESCO Soil evaporation compensation factor -2.11 0.04
season 5 HRU_SLP Average slope steepness -1.89 0.06
6 GW_DELAY Groundwater delay -1.57 0.12
7 RCHRG_DP Deep aquifer percolation fraction -1.57 0.12
8 CH K1 Effect.ive hydraulic conduc’FiVity in 154 013
tributary channel alluvium
9 SFTMP Snowfall temperature —-1.47 0.14
10 SURLAG Surface runoff lag time 1.32 0.19

A preliminary investigation found that the period of 20042011 was characterized by relatively
minor influence of human activities on water resources in the Guishui River Basin, and therefore the
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basic model was constructed on data from this period. The periods 20042005, 2006-2008, and 2009-2011
were set as the model warm-up, calibration, and verification periods, respectively, of which data for
January to April were only available for 2011. The determination coefficient (R?), the Nash-Sutcliffe
efficiency coefficient (NSE), and the percentage deviation (Ppjas) [33] were used to evaluate model
performance in addition to visual fits by comparing plots of observed verses simulated data at the
watershed outlet. On the basis of the model performance evaluation criteria adopted in previous
studies, simulation results can be considered reasonable when NSE > 0.50, R? > 0.50, and Ppjas is
within + 25% [34]. For a more detailed description of the evaluation criteria, please refer to Moriasi et
al. (2007) [35].

During the flood season, SWAT simulations (Table 2) obtained R? values larger than 0.6 during
both the calibration and verification periods. The NSE values obtained over the calibration and
verification periods were 0.77 and 0.62, respectively, whereas those of Ppj4s were within £25% for both
periods. These results indicated a good correlation between the model simulation and observation
data. The mean simulated runoff during the calibration period (Figure 3) was a little higher than that of
the observed runoff over the entire period, but the accuracy of the simulated results was still acceptable.
In contrast, the mean simulated runoff over the verification period was slightly smaller than that of
the observed runoff. Comparative speaking, the simulated results for the verification period were
slightly better than those over the calibration period, and the relative error between the simulated and
observed data was 1%.

Table 2. Accuracy evaluation of simulated results by the Soil and Water Assessment Tool (SWAT) model.

Evaluation Index Runoff Characteristics(m>/s)
R? NSE Pgjas Simulated Mean  Observed Mean
Flood Calibration period 0.78 0.77 =21 0.275 0.269
ood season S .
Validation period 0.68 0.62 1 0.130 0.132
Non-flood Calibration period 0.64 0.62 14 0.289 0.293
on-flood season - .
Validation period 0.68 0.52 -0.4 0.324 0.323
Non-flood period
Flood period 0.6 —=— Observed
0.6 Observed --®-- Simulated
---- Simulated :\n‘
Z £
0.4 5 a Y
0.2 3 ¥
\V'\/\\/- Clibration Validation
Clibration Validation —| IS N N N N A WY
00 +——T—7—TT T T T T T T T T T o DA D S S A (S a T N
FEEFIIEIEREESEDEEESE FRFFER SIS S SIS I SIS RIS
NN VQQ(OQ,QXQ » VQQ%Q,QXQ » Ypot)é?,@ » VQQ(OQ,QXQ » VQQ(OQ,Q Time
Time

Figure 3. Comparison between simulated value and observed value in different periods.

During the non-flood season, the model simulations achieved R? larger than 0.6 for both the
calibration and verification periods. The NSE values of model simulations over the calibration and
verification periods were 0.62 and 0.52, respectively, whereas Pgjas over both periods were within
+25%. The relative errors of runoff simulation for both periods were relatively small, at 1.4% and —0.4%,
respectively. In general, these results indicated good correlation between simulated and observed data,
although the model performance was not as good as that for the flood season.
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3. Results
3.1. Spatio-Temporal Evolution of the Runoff in the Guishui River Basin Under a Changing Environment

3.1.1. Interannual Variations and Spatial Distribution of the Runoff in the Guishui River Basin

A statistical analysis on the runoff over time for the Guishui River Basin showed there were a
generally small annual runoff averaging 0.11 x 10% m? (Figure 4). This can be attributed to the temperate
and semi-arid continental climate of the Guishui River Basin, with less precipitation compared to other
regions of Beijing. Annual runoff showed an insignificant increasing trend of 0.06 x 108 m® 10 a=!.
The largest and smallest annual runoff was for 2018 and 2014 at 0.37 x 108 m3 and 0.04 x 10% m3,
respectively. There was a gentle downward trend before 2012 with —0.10 x 108 m® 10 a™! followed
by a fluctuating but overall positive trend, but a particularly steep increase over 20172018, with an
average increase over 2012-2018 of 0.39 x 10% m?® 10 a=!, close to four times as that of the decline period.
This can be explained by the conversion of some barren land or grassland to forestry area over the
period 2004-2011, resulting in a decline in runoff to some extent. In contrast, the Baihebao Reservoir
supplied additional water to the Guishui River after this period.

0.4

—a— Runoff —— Moving average(5) —— Cumulative anomaly
Liner fit

0.2
Slope=0.01

Runoff (108mq)
o
o

-0.2

-0.4

T T T T T T T T
2004 2006 2008 2010 2012 2014 2016 2018
Year

Figure 4. Runoff changing trend in the Dongdagqiao station from 2004 to 2018.

The SWAT simulations of sub-basin runoff depth were used to explore the spatial distribution of
sub-basin runoff (Figure 5). The distribution of average runoff depth in the sub-basin from 2006 to 2011
showed that there were an initial increase and then a decrease from northwest to southeast in the study
area. The average runoff depth was relatively small at 3.85 mm. Sub-basins producing larger runoff
depths were concentrated in the central region, with a maximum runoff depth of 38.2 mm appearing in
the central No. 24 sub-basin, which was also the outlet of the watershed. Runoff depths generated
at sub-basins along the watershed edge were relatively smaller, with the minimum runoff depth of
0.13 mm appearing in the No. 3 sub-basin in the northwest mountainous area of the basin. A spatial
overlay of runoff depth with land use area ratio (Figure 5a—e) and DEM data (Figure 5f) showed that
runoff depths generated in sub-basins containing large areas of cultivated land and built-up area were
relatively large. This could be due to the cultivated land and built-up areas being located in the plain
areas in the central basin, which were the areas where water accumulates. In additionally, this region
has a large impervious surface area, characterized by decreased rainfall interception and infiltration.
The sub-basin containing a large area of forestry area in the upstream mountainous area had a smaller
runoff depth, which can be explained by the smaller water storage capacity of the tributary and the
stronger water interception function of forest vegetation. In addition, the relationship between the
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area ratio of orchard land or grassland and runoff depth was not clear, possibly because the scattered
distributions of grassland and orchard land in the region compared to the other three land use types.

115°60'E 16°0'E 1M6°10'E 116°20'E 116°60'E 116°0'E 116°10'E 116°20E

40°35'N
40°35'N

40°30'N
40°30'N

4 _ o <
[l Iy o il 8 ! \
) ! Lo { 2 . | j
1 ) o o
! | Cultivated land ___ , . Horestry area _
! L b - | | | —T-==
115°50'E 116°0°E 116°10'E 116°20E  115°60°E 1M6°0'E 116°10°E 116°20'E
. .
‘
i
‘
! e
= I‘| T (’f‘ _ Zz
& p-A ]
s (1 ' 5
<+ L e - g
S
z | - z
g ! g
‘
I‘I
% e I frZ:I I \
A e C. I \ d. !
=4 | _a ! 12 | | ‘
! | Qrchard land | .‘ A + Grassland __|
) | |- ! i I —

15°50E 1M6°0'E 116°10'E 116°20'E 115°50'E 116°0'E 16°10'E 1M6°20'E

40°35'N
40°35'N

40°30'N
40°30'N

| e. !
B"pild-up area_|

40°25'N
i
i
1
40°25'N

Runoff depth(mm) e <9.00 ® 9.00-10.00 @ 10.00-14.00 @ 14.00-18.00 @> 18.00

Land use area ratio  100% 0 DEM (m) 2212 N 473

Figure 5. Spatial distribution of annual average runoff depth in the Guishui River Basin.
3.1.2. Seasonal Variations of the Runoff in the Guishui River Basin

The seasonal variation of runoff in the Guishui River Basin was analyzed by categorizing runoff
over March to May, June to August, September to November, and December to February as spring,
summer, autumn, and winter runoff, respectively. Seasonal fluctuations in runoff were evident
(Figure 6). Average runoff in spring was 0.02 X 108 m3, with an overall downward trend. The maximum
and minimum runoffs appeared in 2005 and 2016, respectively. Runoff trends over winter were
similar to that over spring, with an evident decreasing trend. Average annual runoff in winter was
0.03 x 108 m?, slightly higher than that over spring. In contrast, an increasing trend in autumn runoff
was evident, with an average runoff of 0.03 X 108 m3, with the maximum occurring in 2018. The runoff
in autumn was relative higher during the period of 2012-2018 due to the water release from Baihebu
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Reservoir in this season. Summer runoff similarly showed an overall increasing trend, with a multi-year
average runoff of 0.04 x 108 m3.
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Figure 6. Seasonal runoff changing trend in the Dongdagqiao station from 2004 to 2018.

An analysis of the spatial variation in runoff depth over different seasons at the sub-basin scale
(Figure 7) identified seasonal trends that were different to those of runoff to some extent. This observation
may be due to water transfer from other basins or through water interception. In general, the spatial
distributions of runoff depth in the sub-basins were similar for spring, summer, and autumn, with a
common pattern of greater runoff depths in the central area and less in the surrounding area on the
northern, eastern, and southeast sides. The spatial distribution of runoff depth in winter showed that it
was greater within the region extending from the middle to the perimeter of the basin, encompassing
the sub-basins located in the mountainous areas on both sides of the northern and southern basin.
This can be explained by the melting of snow and ice in the mountain area at the end of winter and early
spring, resulting in increased runoff in the sub-basins in these areas. To be specific, the overall runoff
of each sub-basin in spring was small, with an average runoff depth of 0.6 mm. In contrast, the runoff
in each sub-basin increased significantly in summer due to increased precipitation, particularly in
sub-basins located in the central flat area. Although the runoff of each sub-basin in autumn was similar
to that in summer, the average runoff depth was only 0.3 mm. This observation may be due to less
precipitation in autumn. Winter runoff in the mountainous sub-basins increased due to the freeze-thaw
process, with an average runoff depth of 1.0 mm.
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Figure 7. Spatial distribution of seasonal runoff depth in the Guishui River Basin.

3.1.3. Intra-annual Variation of the Runoff in the Guishui River Basin

The runoff-concentration degree (RCD) and runoff-concentration period (RCP) indicators were
applied to represent the intra-annual distribution of runoff in the Guishui River Basin during the
period of 2004-2018 (Figure 8). The results showed an uneven intra-annual distribution of runoff in
the Guishui River Basin. The average annual runoff in the basin from 2004 to 2018 was 0.01 x 108 m?,
with the maximum and minimum occurring in August and June at 0.019 x 108 m3 and 0.005 x 10® m?,
respectively. Runoff concentration over the study period averaged 0.29, with the highest and lowest
runoff concentrations occurring in 2018 and 2006 at 0.56 and 0.04, respectively. One-dimensional
linear fitting on the concentration and concentration period series from 2004 to 2018 showed that the
runoff concentration increased overall. The runoff concentration period fluctuated around 17 July,
with the period before 2012 mostly occurring in middle and late May, whereas it was delayed after
2012. This observation can be explained by an increase in precipitation in the basin after 2012 as well
as replenishment of the upstream reservoirs and other human activities. Runoff in the basin began to
concentrate in the flood season under the influence of climate change and human activities.
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Figure 8. Runoff-concentration degree/period in the Dongdagqiao station from 2004 to 2018.

3.2. Impact of Climate Change and Human Activities on the Runoff inf the Guishui River Basin

3.2.1. Identification and Evaluation of the Factors Influencing the Runoff in the Guishui River Basin

Climate change and human activities will have a variety of annual impacts on runoff in the basin,
so this study used the average value of runoff representing the runoff level during one period. This study
used the period 2006-2011 as the base period, and then analyzed the impact of climate change and human
activities on the runoff in the Guishui River Basin by comparing runoff over the period 2012-2018 with that
over the base period. Because there was a large inter-annual variation of runoff, the average runoff over
20062011 was used as the base runoff for comparison, following which the year in which the runoff was
close to the baseline over the period 2006-2011 was identified. At the same time, the land use data in the
identified year was used as the baseline for land use over the baseline period. It was assumed that land
use did not change over the base period of 2006-2011, whereas there was a change in climate from 2012
to 2018. The calibrated SWAT model was then used to simulate the runoff under the influence of climate
change over the period 2012-2018. The actual observed runoff from 2012 to 2018 was then used to minus the
simulated runoff under the influence of climate change, whose results was regarded as the change caused
by the impact of human activities. The relative contributions of climate change and human activities to
changes in the runoff were then estimated (Figure 9).
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- - - The mean of observed (Base period)
-+ The mean of observed (Disturbance period)
_ 045 - = The mean of simulated (Disturbance period)
(3]
S
=e]
o
N
£0.30 A
c
>
ad
0.15 4
0.00 T T T T T
2006 2008 2010 2012 2014 2016 2018

Year

Figure 9. Runoff impact assessment model results in the Guishui River Basin.
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Mean observed annual runoff during the period 2012-2018 was 0.13 X 108 m®, which was higher
than that during the period of 2006-2011 at 0.09 x 10® m3, with an evident increasing trend. Therefore,
the total change in runoff AQ was 0.04 x 10® m3, which included the combined effects of climate change
and human activities. Mean simulated annual runoff for the period 2012-2018 was 0.21 x 108 m3.
It was proposed that the change of the runoff due to climate change was 0.12 x 108 m3, whereas that
due to human activities was —0.08 x 108 m3. Tt indicated that when there was only the impact of climate
change, the runoff would show an increasing trend, while when there was only the impact of human
activity, the runoff would show a decreasing trend. In addition, this study explored the impact of land
use change by replacing the land use data with that in 2018 while keeping the remaining input data
unchanged. The results showed that changes of runoff due only to land use change was —0.01 x 108 m3.
It was found that the relative contributions of climate change and human activities to changes of the
runoff in the Guishui River Basin were 60% and 40%, respectively. Among which, the contribution
of the land use change was 5%. Climate change led to an increase in runoff, while human activities
promoted runoff decrease. Therefore, it was clear that both climate change and human activities had
a significant impact on the runoff of the Guishui River Basin, their impacts were opposing, and the
contribution rate of climate change was slightly greater than that of human activities, which was
consistent with the research results of Yuliang Zhou.

3.2.2. Impact of Climate Change on the Runoff in the Guishui River Basin

Changes of the runoff in the Guishui River Basin were the result of a combination of various
climatic factors. However, due to the available meteorological data being limited to a town level,
this study only analyzed the impact of climate change on the runoff of the Guishui River Basin in terms
of precipitation and temperature.

Correlation Analysis between Precipitation and Runoff

The Pearson correlation coefficient was used to analyze the correlation between runoff and
precipitation at annual and seasonal scales (Figure 10). At the intra-annual scale, the correlation
between monthly means of runoff and precipitation had a coefficient R of 0.47 (P > 0.1), indicating
a certain correlation and synchronization between the runoff and precipitation in the river basin.
Jia et al. (2014) also found the seasonal and inter-annual variability of precipitation was a major cause
of uncertainty [36]. The seasonal-scale analysis found that the correlation coefficients R between
precipitation and runoff in spring, summer, autumn, and winter were 0.29 (P > 0.1), 0.40 (P > 0.1),
—-0.32 (P > 0.1) and 0.23 (P > 0.1), respectively, indicating positive correlations between precipitation
and runoff in spring, summer, and winter, but a negative correlation in autumn. However, the R
coefficients indicated low correlations in summer and autumn but no significant correlation in spring
and winter. This result was also an indication of the complexity of factors affecting the runoff in the
Guishui River Basin. In addition to precipitation, human activities were also important factors affecting
the runoff. In addition, regardless of the season being summer or autumn, moderate precipitation
corresponded with increased runoff in 2018. The observed data indicated that the Baihebu Reservoir
had released 29 million cubic meters into the Guishui River to ensure the quality of the water during
the World Expo in 2018. During this time, released water in summer and autumn exceeded 77%
of the total runoff. Therefore, an outlier relationship between runoff and precipitation appeared in
the summer and autumn of 2018. Cheng et al. (2019) analyzed the characteristics of precipitation
changes by using the meteorological data of Yanqing National Basic Weather Station from 1960 to 2018.
During the last six decades, there was a significant decrease in annual precipitation and the rate was
—4 mm/10a. Years with more and less precipitation appeared alternately in a wave shape. Zhang et al.
(2017) counted the precipitation data of Yanqing Station in Beijing from 1999 to 2016 and found that the
level of precipitation in Yanqging area was the highest in June, and the precipitation was the highest in
July. They all increased first and then decreased from January to December.
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Figure 10. Correlation between runoff and precipitation at annual and seasonal scales.

Correlation Analysis between Temperature and Runoff

The Pearson correlation coefficient was also used to explore the correlation between temperature

and runoff at annual and seasonal scales (Figure 11). A weak positive correlation between annual mean
temperature and annual runoff was identified with a correlation coefficient R of 0.37 (P > 0.1). At the

seasonal scale, a moderately positive correlation was identified between mean temperature and runoff

in summer, with a correlation coefficient of 0.54 (P > 0.1). However, negative correlations between

mean temperature and runoff were identified in spring, autumn, and winter, but the correlations
in spring and autumn were not significant. These results indicated that the impact of temperature
on runoff was obvious mainly in summer, due mainly to additional rain and heat occurring in the
same period in the Guishui River Basin. Yang et al. (2011) found that the increase in runoff lost to
evaporation could be as high 3.8 mm with a temperature rise of 1 °C in the Yixun River basin [37].
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Figure 11. Correlation between mean temperature and runoff at annual and seasonal scales.
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3.2.3. Impact of Human Activities on the Runoff in the Guishui River Basin

There were many factors involved in the impact of human activities on runoff of the Guishui River
Basin, including land use change, water supply in the basin and social and economic development.
However, since it was not easy to separate the impact of each factor, this study analyzed only the
impact of land use change on runoff of the Guishui River Basin.

Spatial-Temporal Variation of Land Use in the Guishui River Basin

Using land use data in the Guishui River Basin, this study explored the changes of land use spatial
patterns in the basin (Figure 12). The results showed that there were relatively large areas of cultivated
land and forestry area accounting for 27.68% and 53.03%, respectively. This result was consistent with
that was found by Jie (2016) [38]. Forestry area was mainly distributed in the mountainous areas along
the northern and southern sides of the basin, whereas cultivated land was concentrated in the central
plain areas and at the feet of the mountains. These land uses were concentrated spatially. Orchard land
was mainly distributed between cultivated land areas, accounting for 2.51% of the total area. Grassland
was mostly distributed along the border between cultivated land and forestry area, accounting for
8% of the total area. Built-up area was scattered between cultivated lands or near the rivers. During
the study period, the area of forestry area in the Guishui River Basin increased by 5.99%, whereas
those of built-up area and barren land also showed an increasing trend, with increases of 2.78% and
1.15%, respectively. This observation may be due to the implementation of many projects such as the
Winter Olympics and World Expo, which had damaged the ecological environment of the area to a
certain extent. In contrast to the land use types mentioned above, there were continuous declines in
the areas of cultivated land, orchard land, grassland, and water area of 3.60%, 1.88%, 4.32%, and 0.12%,
respectively, possibly related to recent urbanization. The increasing population and the accompanying
expansion of urban areas have led to conversion of some basic ecological land such as cultivated land,
orchard land, and grassland to urban built-up area.
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Figure 12. Spatial distribution of land use in Guishui River Basin in 2008 and 2018.

Impacts of Land Use Change on the runoff in the Guishui River Basin

The runoff impact assessment showed that the contribution of land use change to runoff reduction
in the Guishui River Basin was 5% (Figure 13). As seen from the spatial distribution of runoff change,
land use change in most of the sub-basins resulted in reduced runoff, especially in the area surrounding
the Guishui River Basin. On one hand, large-scale afforestation in the rock mountain area was expected
to have increased runoff interception and infiltration capacity, whereas the Guishui River Basin was
located in the ecotone between a sub-humid and sub-arid climate. Since the beginning of the early
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21st century, the Yanqing District Government had successively implemented ecological restoration
projects such as tree planting and afforestation, returning farmland to forestry area to control erosion
and improve the environmental health of ecologically fragile areas in the basin [39]. As of 2018, more
than 300,000 acres of afforestation in the barren hills has been achieved. The introduction of vegetation
guaranteed not only an improved water conservation function, but also effectively reduced the slope
runoff [40]. This was mainly because the vegetation canopy can intercept and redistribute precipitation,
the surface vegetation layer and litter layer can slow down or block runoff flow, and then water
conservation capacity increased, which also reduced the runoff to a certain extend.

In addition, the expansion of urban area in the basin has often been accompanied by population
growth and social and economic development [38]. The 2018 statistical yearbook of the Yanqging
District listed the permanent population of the region to have been 348,000 at the end of 2018, which
was very close to the lower threshold of the regional population carrying capacity based on the total
amount of water resources in the region [41], and 80% of the population resided in the Guishui River
Basin. Furthermore, the Guishui River Basin had become a major agricultural production area and was
also becoming an important industrial area with the continuous adjustment of the industrial structure
of Yanging District. The town of Yongning was the economic and trade center of the eastern part of
the river basin, with agriculture and agricultural product processing forming the core development
industries [42]. The majority of economic activity occurring in the remaining towns located in the
river basin was related to tourism and agriculture. Under this context of population distribution and
economic development, water deficits in the river basin have become increasingly severe, leading to a
continuous increase in surface water and groundwater extraction in the basin. The groundwater level
has seen continuous yearly declines [43]. The ecological base flow of the Guishui River can therefore
not be effectively guaranteed, the runoff of the river has been further attenuated and some sections of
the river have even experienced periods of no flow.
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Figure 13. Contribution of land use change to runoff in each sub-basin.
4. Discussion

Firstly, since agriculture in the Guishui River Basin has very high water demands,
the implementation of water-saving irrigation technology can play a decisive role in the reduction of
water use [44]. However, currently only about 10% of total irrigation area employed the water-saving
irrigation technology. Therefore, it is recommended that the local government should accelerate the
construction of water-saving irrigation technology, such as precision irrigation, sprinkler irrigation,
and drip irrigation [5]. At the same time, management of irrigation systems can be improved through
the use of technology such as moisture sensors to automatically adjust irrigation schedules based on
soil moisture. In addition, farmers generally lack awareness of the importance of conserving water
as farmers have traditionally paid very little for water, which led to the phenomenon of wastage.
Therefore, it is recommended that the Yanqing District Government speed up the implementation of the
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water charge system in rural area to offer incentives for the effective implementation of water-saving
agriculture [45].

The recycling of water is an additional approach to conserving water in the basin. At present,
most irrigation water for agriculture in the Guishui River Basin was extracted from groundwater,
surface water, and water storage facilities, and the contribution of recycled water remains relatively
minor [46]. At the same time, aquaculture ponds of varying sizes existed in the watershed, which pose
a threat to the water quantity and quality of the watershed. Therefore, it is suggested that the local
government implement the "Cultivation and Aquaculture Cycle" model based on the development of
ecologically sustainable agriculture in the Guishui River Basin. Microbial treatment technology can be
applied to reprocess water from the aquaculture ponds for the use as agricultural irrigation water [11].
Such agricultural circulation systems have already been successfully implemented in countries like
Israel [47]. The "Cultivation and Aquaculture Cycle" model can not only reduce the extraction of
irrigation water from groundwater and surface river to improve the efficiency of recycling water
resources, but also can reduce the discharge of contaminated water to rivers and lakes to alleviate
water pollution.

Finally, due to the disparities between water supply and demand, which can differ seasonally,
and the need to trade-off development with protection of the aquatic environment, it is recommended
that relevant departments implement a demand management model [48] for water resources in the
river basin to alleviate water deficits and water use conflicts. During periods of high-water deficits,
it is recommended to consider adopting an irrigation model that controls the allocation of water to
agricultural and forest irrigation. That is, irrigation water could be preferentially allocated to crops
or forestry during sensitive stages when sufficient water is imperative, such as during the crop or
forestry seedling stages, and measures for reducing irrigation can be adopted during the non-sensitive
stages [49]. The premise of this policy implementation is to allow a threshold of water reduction that
can nevertheless ensure maximum economic benefit per unit of water volume, so as to alleviate conflict
between agriculture and forest while conserving water resources.

5. Conclusions

In this study, a calibrated and verified SWAT model was used to estimate and analyze the temporal
and spatial evolution of runoff for the Guishui River Basin. Although the results showed an overall
increasing trend in runoff of the Guishui River Basin under the influence of gradual warming and
humidification after 2011, due to limiting human activities, the overall amount of water resources in
the basin remained low. Flood control, ecology, tourism, industry, agricultural production, and other
human socio-economic development demands are closely intertwined with water resources in the
river basin to form a complex "hydro—ecological-economic" ternary structure. The negative impacts of
human activities on the water resources of river basins have become increasingly profound. At present,
the total demand for water resources for social economic development and ecological protection has
exceeded total available water resources in the river basin, resulting in increasing conflict among
competing demands. This need is re-enforced by the fact that the success of the upcoming 2022 Winter
Olympics depends on the effective management of water resources in the basin. Based on the analysis
of the evolution of runoff and the contributing factors in the Guishui River Basin, this study proposes
some strategies of managing water resources, including recycling and coordinated management of the
river basin, with a view to providing a scientific reference for the rational and sustainable use of water
resources in the Guishui River Basin.
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