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Abstract: Effective evaluations of the future urban expansion impacts (UEI) on surface runoff in
alpine basins are full of challenges due to the lack of reliable methods. Our objective was to provide
a new approach by coupling the Land Use Scenario Dynamics-urban (LUSD-urban) and Soil
Conservation Service-Curve Number (SCS-CN) models to estimate the future UEI on surface runoff.
Taking the Qinghaihu-Huangshui basin (QHB) in the Tibetan Plateau, China, as an example, we
first applied the SCS-CN model to quantify the surface runoff in 2000 and 2018 and analyzed the
changes in surface runoff. Next, we applied the LUSD-urban model to simulate urban expansion
under five localized shared socioeconomic pathways (SSPs) from 2018 to 2050. Finally, we assessed
the UEI on surface runoff in the QHB from 2018 to 2050. We found that coupling the LUSD-urban
and SCS-CN models could effectually evaluate the future UEI on surface runoff. Compared with
the combination of the Future Land Use Simulation (FLUS) and SCS-CN models, our method
reduced the absolute evaluation errors from 3.40% and 11.78% to 0.18% and 4.23%, respectively. In
addition, the results showed that future urban expansion will have severe impacts on surface runoff
in the valley region. For example, as a result of urban expansion, the surface runoff in the
Huangzhong, Xining, and Datong catchments will increase by 4.90-9.01%, 4.25-7.36%, and 2.33—
3.95%, respectively. Therefore, we believe that the coupled model can be utilized to evaluate the
future UEI on surface runoff in alpine basins. In addition, the local government should pay attention
to flood risk prevention, especially in the valley region, and adopt reasonable urban planning with
soft and hard adaptation measures to promote the sustainable development of alpine basins under
rapid urban expansion.

Keywords: urban expansion impact; model simulation; Qinghaihu-Huangshui basin; urban
landscape sustainability

1. Introduction

The alpine basin is a basin with frozen soil, high altitude, and low temperature throughout the
year. The alpine basin generally refers to an area with an average altitude above 1500 m and an annual
temperature below 10 °C [1-3]. Due to its unique environmental characteristics, the alpine basin has
poor self-regulation and restoration ability, and its ecological environment is highly vulnerable to
human interference [4]. Surface runoff is the part of natural precipitation that flows through the
surface after being absorbed by the soil or the ground and is evaporated in the air [5]. As an important
part of the water cycle, surface runoff is a key index to measure the risk of flood and waterlogging
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disasters in the basin [6,7]. Due to rapid socioeconomic development, urbanization has become one
of the important elements affecting surface runoff [8-10]. In the process of urban expansion, the
newly added urban land will occupy cultivated land, forestland, and wetland, transform vegetated
covers into sealed surfaces, weaken the infiltration capacity of water, and increase the surface runoff
[11,12]. The changes in surface runoff caused by urban expansion have already led to flood disasters
in alpine basins [13]. For example, in July 2010, a rare rainstorm flood occurred in the Huangshui
basin, causing a total of 13 deaths, affecting 60,092 people, with a direct economic loss of 225 million
yuan [14]. With the further promotion of urbanization in China, alpine basins will continue to
experience high-speed urbanization in the future [15,16]. Therefore, effectively assessing the future
urban expansion impacts (UEI) on surface runoff in alpine basins is of great importance to the
prevention of flood disasters and sustainable urban development.

Recently, some researchers have assessed the UEI on surface runoff in alpine basins. Aghakhani
et al. [17] estimated the UEI on surface runoff in the Taleqan basin of Iran from 1971 to 2003. Li et al.
[18] estimated the UEI on surface runoff in the upper and middle reaches of the Heihe River basin in
China from 2000 to 2008. According to urban expansion data from 1985 to 2000, Wang et al. [19]
evaluated the UEI on surface runoff in the Taohe River basin, China. However, current studies still
have two deficiencies. First, due to the lack of a reliable model to predict future urban expansion,
existing studies mainly concentrate on assessing the historical UEI on surface runoff, and research on
the future UEI on surface runoff is lacking. Second, because of the complex terrain of alpine basins
and relatively few hydrological sites and observation data, existing studies could not accurately
quantify the UEI on surface runoff.

The Land Use Scenario Dynamics-urban (LUSD-urban) model offers a useful tool for simulating
future urban expansion. The LUSD-urban model is an urban expansion model that couples system
dynamics and cellular automata [20]. This model can clearly reflect the macro and micro driving
forces of land-use change, so it can effectually estimate the spatial process of urban expansion [20].
For example, Zhang et al. [21] projected urban expansion from 2014 to 2040 in the Beijing-Tianjin-
Hebei urban agglomeration based on the LUSD-urban model. Song et al. [22] applied the LUSD-
urban model to simulate urban expansion of the Hohhot-Baotou-Ordos-Yulin urban agglomeration
from 2017 to 2050.

The Soil Conservation Service-Curve Number (SCS-CN) model offers an easy and simple way
to quantify surface runoff in alpine basins. The SCS-CN model establishes a direct connection
between the parameters of the hydrological model and remote sensing information and can obtain
the surface runoff of each pixel based on land use data. Because the model requires limited
hydrological data, it is widely used and can even be carried out in data-free basins [23,24]. For
instance, Gregoretti et al. [25] accurately simulated the surface runoff in the North-Eastern Italian
Alps from 2011 to 2014 based on the SCS-CN model. Hu et al. [26] utilized the SCS-CN model to
assess the UEI on surface runoff in the central urban area of Beijing from 1984 to 2009. Therefore,
coupling the LUSD-urban and SCS-CN models provides a solution to assess the UEI on surface runoff
in alpine basins.

Thus, the purpose of this research was to evaluate the UEI on surface runoff in alpine basins by
coupling the LUSD-urban and SCS-CN models. First, we selected the Qinghaihu-Huangshui basin
(QHB) in the Tibetan Plateau, China, as an example and quantified the surface runoff changes from
2000 to 2018 based on the SCS-CN model. Second, we used the LUSD-urban model to estimate urban
expansion from 2018 to 2050 by combining the localized shared socioeconomic pathways (SSPs).
Finally, we assessed the UEI on surface runoff from 2018 to 2050 to provide assistance for sustainable
urban development in alpine basins.

2. Materials and Methods

2.1. Study Area

The QHB is located in the northeast margin of the Tibetan Plateau, with a geographical location
between 97°50'-103°15" E and 36°15'-38°25' N, covering an area of 6.25 x 10* km2. The terrain of the
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basin is high in the northwest and low in the southeast, with an altitude range of 1548-5241 m (Figure
1). The climatic type of the basin is a semiarid, alpine, continental climate with arid, cold, and windy
as its main characteristics. The multi-year average precipitation and temperature are 405.05 mm and
1.4 °C, respectively [27]. The precipitation is mainly concentrated in June-September, and the form of
precipitation is mainly convective rain [28]. The basin includes the Qinghaihu sub-basin and
Huangshui sub-basin. The Qinghaihu sub-basin is a typical alpine wetland natural protection area in
the world that plays an important role in maintaining the water conservation and biodiversity service
functions of the northeast Tibetan Plateau, as well as the regional ecological security [29]. The basin
mainly includes the Buha River, the Shaliu River, the Datong River, the Beichuan River, and the
Huangshui River. The QHB spans Qinghai and Gansu provinces, including 14 major cities. In 2018,
the total population was approximately 3.75 million, among which there was one city with a total
population of more than 0.5 million, six cities with the population of 0.2 million to 0.5 million, four
cities with a population of 0.1 million to 0.2 million, and three cities with the population of less than
0.1 million.

The QHB has experienced rapid urbanization in recent years. In the two sub-basins, the urban
area of the Qinghaihu sub-basin increased from 7.93 km? in 1997 to 18.56 km? in 2004, more than
doubling [30]. The urban area of the Huangshui sub-basin increased by 75 km? from 2000 to 2010,
with an increase of approximately 25% [31]. In addition, the QHB is the main population and
industrial gathering region of the Tibetan Plateau and one of the core areas for sustainable
development. The area of the basin accounts for only 2.43% of the total area of the Tibetan Plateau,
but its total population and gross domestic product (GDP) reached 30.50% and 33.95% in the region
in 2017, respectively [32].
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Figure 1. Study area.

2.2. Materials

The Landsat remote sensing images were obtained from the United States Geological Survey
(https://earthexplorer.usgs.gov/). The image data in 2000 and 2010 were from the Landsat Thematic
Mapper (TM) sensor, and the image data in 2018 were from the Landsat Operational Land Imager
(OLI) sensor, with a spatial resolution of 30 m. The 1:100,000 land use/cover data in 2000 were derived
from the National Tibetan Plateau Data Center [33], and the resolution was 30 m after rasterization.
The digital elevation model (DEM) data were obtained from the geospatial data cloud of the
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Computer Network Information Center, with a resolution of 30 m. The soil data were obtained from
the National Tibetan Plateau Data Center [34], with a resolution of 1 km.

The precipitation data were derived from the China Meteorological Data Service Center
(http://data.cma.cn), including monthly precipitation data from 1990 to 2019 at 39 stations located in
the QHB and its surrounding area within 300 km. According to the study by Fang et al. [35] and the
local rainfall characteristics, we applied the inverse distance weighting method to obtain the seasonal
precipitation from June to September with a precipitation frequency of 50% from 1990 to 2019 in the
basin as the precipitation input for the SCS-CN model.

The population data under the localized SSPs were obtained from China’s population data from
2010 to 2100 produced by Jiang et al. [36], with a resolution of 0.5°. The basic geographic information
data included administrative boundaries, county-level locations, highways, railways, national
highways, and rivers of the study area. The data were derived from the National Geographic
Information Center. To ensure data consistency, all data adopted a unified Albers projection and were
resampled to 30 m.

2.3. Quantifying Surface Runoff in 2000

According to Shi et al. [8], the surface runoff of each pixel was calculated by using the SCS-CN

model (Figure 2).
precipifae:: :m;lata Land use/land Urban land from dat:ii;g?u;: GIS ancillary
from 1990 to 2019 e 2000 2000to 2018 localized SSPs data
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Figure 2. Flow chart. GIS: geographic information system; SCS-CN: conservation service-curve
number; LUSD: land use scenario dynamics; UEI: urban expansion impacts; QHB: Qinghaihu-
Huangshui basin.

The SCS-CN model is an empirical hydrological model, which is based on the hypothesis of
equal proportion and the relationship between initial loss value and maximum potential retention at
that time [24,37]. The runoff in the catchment was determined by rainfall and the maximum soil water
storage before rainfall, and the maximum soil water storage was related to the soil texture, land use
type, and degree of antecedent moisture condition (AMC). The calculation method of the SCS-CN
model was constructed based on these relationships [37]. The computation formula is as follows
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where q;, represents the annual surface runoff of pixel i in region x, P represents the seasonal
precipitation from June to September with a precipitation frequency of 50% from 1990 to 2019. A
represents the initial abstraction ratio. According to Patil et al. [37], we selected the standard value of
the initial abstraction ratio (A =0.2) to calculate the surface runoff. S;, is the maximum infiltration of
the underlying surface of pixel i inregion x, which is calculated from the Curve Number (CN) value
[23]. The specific formula is as follows

2540
Six =10 % (=254 @)

i,x

where CN;, represents the CN value of pixel i in region x. The CN value refers to the parameter
used to describe the rainfall-runoff relationship in the SCS-CN model and represents the runoff
generation capacity of the underlying surface of the basin [38]. The size of the CN value was
determined by the land use type, soil type, and AMC [24]. According to Yuan and Shi [38], when the
AMC is AMCI, according to the land use type and soil type of the QHB, the CN value of each pixel
in the basin can be obtained by consulting the CN value look-up table [23,39]. Based on Yao et al. [40],
according to the ratio of surface runoff to rainfall, surface runoff was divided into five grades, namely,
low runoff (<0.35), low-medium runoff (0.35-0.5), medium runoff (0.5-0.6), high-medium runoff (0.6—
0.7) and high runoff (>0.7).

2.4. Quantifying Urban Expansion from 2000 to 2018

2.4.1. Acquiring Urban Land Information

First, we used Landsat TM/OLI images to extract the urban land information of the QHB from
2000 to 2018 through visual interpretation. On the basis of Liu et al. [41], the urban land acquired in
this study refers to the area dominated by man-made features (that is, more than 50% of the total area
of the region) without vegetation cover, such as buildings, roads, airstrips, and industrial facilities.
Then, according to the study of He et al. [42], we corrected the time series of urban land data. The
specific formula is as follows

0 UL@s1,) =0
UL(a,L') =<1 UL(a+1,i) = 1&UL(a—1,i) =1 (3)
UL, otherwise

where UL(q), UL(g41,) and UL_1,;) represent whether pixel i isacity intheyear a, a+land a-1;
1 means city, 0 means noncity.
2.4.2. Analyzing Urban Expansion

According to the study of He et al. [42], we used the amount and rate of urban land change to
analyze urban expansion. The calculation formula is as follows

AQ =0Q; -0 (4)

where AQ represents the amount of urban land change, Q; and Q; represent the urban land area in
year j and year i, respectively.
R, = % x 100% )

where R; ; represents the rate of urban land change from year i to j.
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2.5. Modeling Urban Expansion from 2018 to 2050

2.5.1. Quantifying Urban Land Demand under Localized SSPs

The SSP concept is a socioeconomic scenario framework proposed by the Intergovernmental
Panel on Climate Change (IPCC) in 2010 that describes the path of future socioeconomic development
by considering multiple factors, including population, policy, economy, technology, resources, and
environment [43]. However, the original SSPs have deficiencies in future population estimation,
which makes it impossible to reliably project future urban expansion [22]. Localized SSPs refer to the
improvement of the simulation results of the original SSPs based on the newly released
socioeconomic data and related policies of different countries under the original SSPs framework to
improve the reliability of the population and economic indicators under the SSPs [36]. For instance,
Jiang et al. [36] utilized China's 2010 population data to re-estimate the population of China from
2010 to 2100 under the SSPs framework on the basis of a comprehensive consideration of China's total
population fertility rate data from 2011 to 2014, two-child policy and household registration policy.

According to He et al. [44] and Zhang et al. [21], we first took the urban land area from 2000 to
2018 as the independent variable and a historical total population of the QHB as the dependent
variable to construct a linear regression equation.

y = 4.4x — 1478.5 (6)

The R? of the regression equation was 0.96, and the p < 0.005. Then, the total population from 2018 to
2050 under five localized SSPs (i.e., SSP1, SSP2, SSP3, SS5P4, and SSP5) was calculated. Finally, we
utilized the regression equation to calculate the urban land demand from 2018 to 2050 under the
localized SSPs in the QHB (Table 1).

Table 1. Population and urban land from 2000 to 2050.

Year Population (x10%) Urban Land (km?)
2000 363.36 135.49
2010 395.80 228.68
2018 425.66 408.37
Local SSP1 540.01 896.52
Local SSP2 564.23 1003.06
2050  Local SSP3 598.29 1152.82
Local SSP4 524.77 829.47
Local SSP5 533.74 868.94

SSP: shared socioeconomic pathway.

2.5.2. Estimating Urban Expansion: 2018 to 2050

According to the study of He et al. [44], the LUSD-urban model was applied to carry out the
spatial allocation of urban land. First, the model needed to be corrected and verified to undertake the
accuracy of the model simulation. Specifically, the land use data and impact factor data in 2000 were
input into the model to simulate the urban land data in 2010, and 500 simulation results were
obtained. Then, the results were compared with the actual urban land data in 2010, and the weight
combination corresponding to the best Kappa coefficient was selected (Table 2). Similarly, using the
data in 2010 as input, we simulated the spatial distribution of urban land in 2018. Next, the model
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was tested with the actual urban land data in 2018, and the weight combination corresponding to the
best Kappa coefficient was selected (Table 2). Finally, we used the adjusted and tested LUSD-urban
model to allocate space for urban land in the QHB from 2018 to 2050.

Table 2. The calibration and verification of the land use scenario dynamics (LUSD)-urban model.

Weight
Factors
2000-2010 2010-2018
Distance to urban centers 2 7
Elevation 14 1
Distance to railways 20 6
Distance to highways 17 32
Distance to roads 24 5
Slope 6 6
Neighborhood effects 13 35
Inheritance attributes 4 8

2.6. Evaluating the UEI on Surface Runoff

Based on the research of Shi et al. [23], we used the rate of change in surface runoff to characterize
the UEI on surface runoff. The specific formula is as follows

i _ (Qi—Qb)
" 0L

where Q. represents the rate of change in surface runoff caused by the urban expansion in region

x 100% (7)

x from yearitoj, Q. represents the surface runoff of region x in year i, and Q) represents the surface
runoff of region x in year j. The surface runoff of region x is calculated by the surface runoff of each
pixel using the arithmetic average method [8]. The calculation formula is as follows

_ Z?(ql,x + qz,x+ =t Qn,x)
n

Qx (8)

where Qx represents the surface runoff of region x, n is the total number of pixels in region x, and
gix...qnx represents the surface runoff of each pixel in region x. Finally, according to the research of
Sun et al. [45], the UEI on surface runoff were divided into three categories, namely, light (0-
0.05%/10a), moderate (0.05%/10a-0.2%/10a), and severe (>0.2%/10a), according to the runoff change
rate per decade.

3. Results

3.1. The UEI on Surface Runoff from 2000 to 2018

There was high spatial heterogeneity in the distribution of surface runoff in the QHB in 2000.
The surface runoff of the whole basin was dominated by low and low-medium runoff, covering 1.96
x 10*km? and 3.15 x 10* km?, occupying 31.40% and 34.43% of the basin, respectively. Specifically, the
low runoff was mainly located in the middle and northeast, while the low-medium runoff was mainly
concentrated in the middle and southeast. In the two sub-basins, the surface runoff in the Qinghaihu
sub-basin mainly included low and low-medium runoff, which accounted for 28.65% and 26.72% of
the sub-basin, respectively. The low runoff was mainly located in the middle, while the low-medium
runoff was distributed around the sub-basin. In the Huangshui sub-basin, low and low-medium
runoff were the main types, accounting for 33.82% and 41.38% of the sub-basin, respectively. The low
runoff was mainly located in the north, while the low-medium runoff was mainly concentrated in the
south. Among all catchments, the surface runoff was dominated by low-medium runoff. There were
36 catchments reaching low-medium runoff, accounting for 72.52% of the total catchment area (Figure
3 and Table 3).
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The surface runoff in 2000
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Figure 3. The surface runoff in 2000.
Table 3. The surface runoff in 2000.
QHB Qinghaihu Sub-Basin Huangshui Sub-Basin
Surface Runoff Area Proportion Area Proportion Area Proportion
(x104 km?2) (%) (x104 km?) (%) (x104 km?2) (%)
Low runoff 1.96 31.40 0.85 28.65 1.11 33.82
Low-medium 2.15 34.43 0.80 26.72 1.35 4138
runoff
Medium runoff 1.10 17.55 0.56 18.97 0.54 16.35
High- i
igh-medium 0.51 8.12 0.28 9.57 0.23 6.88
runoff
High runoff 0.53 8.45 0.48 16.07 0.05 1.58

The QHB experienced rapid urban expansion from 2000 to 2018. The urban land area of the
whole basin increased from 135.49 km? to 410.85 km?, with an annual growth rate of 11.29% (Figure
4 and Table 4). The newly added urban land from 2000 to 2018 was mainly distributed in the
Huangshui sub-basin. Specifically, the newly added urban land in the Huangshui sub-basin was
264.57 km?, accounting for 96.08% of the total expanded area (Table 4). Among all catchments, the
newly added urban land was mainly distributed in the Xining, Huangzhong, Datong, and Pingan
catchments. The newly increased areas were 68.23 km?, 52.73 km? 34.51 km? and 24.59 km?
accounting for 24.78%, 19.15%, 12.53%, and 8.93% of the total expanded area, respectively (Table 4).



Water 2020, 12, 3405

/\/ Basin boundary

/™ Sub-basin boundary

Population (x10* persons)

/7 Catchment boundary ]
/\/ Main river ®

®
[ Jubamimdm2o0 g

- Urban expansion from 2000 to 2018

497 X1 o
/mmg\ij

ik 20 P,ing_an

<10

10-20 E—
ievation (m
250 5241

>50 . ) N

Qinghai Lake il TR A
—_——km

Figure 4. Urban expansion from 2000 to 2018.

Table 4. Urban expansion from 2000 to 2018.

9 of 20

Urban Land Urban Expansion
Region 2000 2018 2000-2018 Annual Growth Rate
(km?) (km?) (km?) (%l/year)

QHB 135.49 410.85 275.36 11.29
Qinghaihu sub-basin 6.80 17.60 10.79 8.81
Huangshui sub-basin 128.69 393.25 264.57 11.42

Xining catchment 21.79 90.02 68.23 17.40
Huangzhong catchment 31.72 84.45 52.73 9.23
Datong catchment 16.89 51.40 34.51 11.35
Pingan catchment 8.85 33.44 24.59 15.43

Urban expansion from 2000 to 2018 had little effect on surface runoff throughout the basin but
had severe impacts on some catchments. Throughout the basin, the surface runoff was basically stable
under the UEI from 2000 to 2018, which only changed from 97.02 mm to 97.10 mm, with a change of
0.08%. In the two sub-basins, the surface runoff of the Qinghaihu and Huangshui sub-basins was also
stable, with a change of 0.01% and 0.16%, respectively. In particular, urban expansion led to a massive
increase in surface runoff in the Huangzhong, Xining, and Datong catchments. These catchments are
all located in the flat and low-lying valley region. Among them, the surface runoff in the Huangzhong
catchment increased from 87.15 mm in 2000 to 89.05 mm in 2018, with an increase of 2.18%, reaching
23.92 times the average increase in the QHB. In the Xining catchment, the growth of surface runoff
was 1.84 mm, with an increase of 2.10%, which was 23.14 times the average level throughout the
basin. The surface runoff in the Datong catchment increased by 0.79%, which was 10.05 times the
level throughout the basin (Figure 5 and Table 5).
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Figure 5. The UEI on surface runoff from 2000 to 2018.

Table 5. The UEI on surface runoff from 2000 to 2018.

Region Change in Surface Runoff (mm)  Change Rate (%)
QHB 0.08 0.08
Qinghaihu sub-basin 0.01 0.01
Huangshui sub-basin 0.14 0.16
Xining catchment 1.90 2.18
Huangzhong catchment 1.84 2.10
Datong catchment 0.80 0.79

3.2. Urban Expansion from 2018 to 2050

The simulation results showed that the best Kappa coefficient were 0.65 and 0.71 for urban
expansion during the periods of 2000-2010 and 2010-2018, respectively. These results suggest that
the LUSD-model is reliable for simulating the spatial process of urban expansion (Figure 6).

Based on the model, the QHB will keep on experiencing rapid urban expansion from 2018 to
2050. Among the five localized SSPs, the area of urban land expansion under SSP3 will be the largest.
Under localized SSP3, the urban land area will increase from 410.85 km?2 to 1152.82 km?, with an
average annual growth rate of 5.65%. Under localized SSP4, the expansion area will be the smallest.
The area of urban land will increase by 418.62 km?, with a mean annual growth rate of 3.18% (Figure
7, Table 6).

The newly added urban land from 2018 to 2050 will still be primarily distributed in the
Huangshui sub-basin. Under the five localized SSPs, the urban land in the Huangshui sub-basin will
increase by 404.16-717.56 km?, accounting for 96.55-96.71% of the newly added urban land in the
entire basin. In all catchments, the newly added urban land will still be mainly distributed in the
Xining, Pingan, Datong, and Huangzhong catchments. The newly added area will be 69.05-118.65
km?, 46.81-77.65 km?, 41.61-68.96 km?, and 49.03-95.77 km?, occupying 16.00-16.49%, 11.71-12.91%,
10.47-11.18%, and 9.29-9.94% of the total expansion area, respectively (Table 6).
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Figure 6. A simulation of urban expansion from 2000 to 2018. (a) Actual urban pattern in 2010, (b)
simulated urban pattern in 2010 (Kappa = 0.65), (c) actual urban pattern in 2018, (d) simulated urban
pattern in 2018 (Kappa = 0.71).
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Figure 7. Urban expansion from 2018 to 2050.
Table 6. Urban expansion from 2018 to 2050.
Urban Land Urban Expansion
Region 2018 2050 2018-2050 Annual Growth
(km?) (km?) (km?) Rate (%/year)
QHB 410.85 829.47-1152.82  418.62-741.97 3.18-5.65
Qinghaihu sub-basin 17.60 32.06-42.01 14.46-24.41 2.56-4.33
Huangshui sub-basin 393.25 797.41-1110.81  404.16-717.56 3.21-5.70
Xining catchment 90.02 159.07-208.68 69.05-118.65 2.40-4.11
Pingan catchment 33.44 82.47-129.21 49.03-95.77 4.58-8.95
Datong catchment 51.40 98.21-129.05 46.81-77.65 2.85-4.72

Huangzhong catchment 84.45 126.07-153.41 41.61-68.96 1.53-2.55
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3.3. The UEI on Surface Runoff from 2018 to 2050

Based on the model, urban expansion will lead to little increase in surface runoff from 2018 to
2050. Throughout the basin, urban expansion will cause the average surface runoff to increase from
97.10 mm to 97.41-97.62 mm, with a growth rate of 0.33-0.54%. In the five localized SSPs, urban
expansion under localized SSP3 will have the greatest impact, with a mean annual growth rate of 3.90
times that from 2000 to 2018. In the sub-basin, urban expansion will increase the surface runoff of the
Qinghaihu and Huangshui sub-basins by 0.17-0.18% and 0.50-0.93%, respectively. Similarly, urban
expansion under localized SSP3 will have the greatest impact. The average annual surface runoff
growth of the Qinghaihu and Huangshui sub-basins will be 10.21 times and 3.45 times the historical
impact, respectively (Figure 8 and Table 7).

Urban expansion from 2018 to 2050 will have severe impacts on the surface runoff of some
catchments in the valley region. Specifically, the Huangzhong, Xining, and Datong catchments will
be most severely affected by urban expansion, with surface runoff increasing by 4.90-9.01%, 4.25-
7.36% and 2.33-3.95%, respectively. Under all scenarios, urban expansion under localized SSP3 will
have the most severe impact on the catchments. Among them, the average annual increase in surface
runoff caused by urban expansion in the Huangzhong catchment will be 2.51 times its historical
impact. The annual increase in surface runoff in the Xining and Datong catchments will reach 2.13
and 2.99 times, respectively (Figure 8 and Table 7).

SSP4

The UEI on surface runoff

No change
y /™ Sub-basin boundary
Light -
) Catchment boundary
Moderate
- /™ Basin boundary

Population (x10* persons)

. <10
N 2 10-20
0 30 60 ®  20-50

m—— km ® >350

Figure 8. The UEI on surface runoff from 2018 to 2050.
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Table 7. The UEI on surface runoff from 2018 to 2050.

Region Change in Surface Runoff (mm) Change Rate (%)
QHB 0.31-0.52 0.33-0.54
Qinghaihu sub-basin 0.18-0.19 0.17-0.18
Huangshui sub-basin 0.44-0.82 0.50-0.93
Xining catchment 4.36-8.02 4.90-9.01
Huangzhong catchment 3.81-6.58 4.25-7.36
Datong catchment 2.37-4.02 2.33-3.95

4. Discussion

4.1. The Reliability Evaluation of Urban Land Data

The urban land data obtained by visual interpretation can precisely reflect the actual situation
of urban land in the alpine basin. First, by referring to a relevant study [46], correlation analysis was
conducted by using the average annual growth of the urban land, GDP, and urban population. The
results showed that the urban land information extracted in this study was significantly correlated
with the regional urban population and GDP data, with correlation coefficients of 0.90 and 0.88,
respectively, both of which passed the significance test at the p <0.001 level (Figure 9). Next, we used
equalized stratified random sampling to select 500 sample points and calculated the error matrix with
Google Earth high-resolution images (4 m). The results showed that the Kappa coefficients of urban
land data in 2000, 2010, and 2018 were 0.82, 0.84, and 0.86, and the overall accuracy was 91.00%,
91.80%, and 93.00%, respectively. In addition, taking the data from 2000 to 2010 as an example, we
compared the urban land data obtained in this study with the existing long-term series and the data
at the same resolution [47,48]. The results revealed that the urban land data of this study significantly
reduced the omissions and misclassifications, which was in line with the actual conditions of regional
urban land (Figure 10).

3 60
(@)

1=0.90. p<0.001

)

1=0.88. p<0.001

(8]
T

40

yuan/year)

—
T

20

Average annual growth of GDP (X 10%

0 1 1 1 0 1 1 1
0 2 4 6 8 0 2 4 6 8

Average annual growth of urban land (km?/year) Average annual growth of urban land (km?*/year)

Average annual growth of urban population
(X 10% persons/year)

Figure 9. The verification of the quantitative accuracy of urban land data from 2000 to 2010. (a) The
correlation analysis of urban land and urban population; (b) the correlation analysis of urban land
and gross domestic product (GDP).
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Figure 10. The comparison between urban land data obtained by visual interpretation and existing
data from 2000 to 2010.

4.2. The Sensitivity Evaluation of the SCS-CN Model Parameters

Different precipitation frequencies and AMCs will affect the simulation of surface runoff [23].
As the increase in precipitation, both the surface runoff and the relevant coefficient will show an
obvious growth trend [38,49]. In addition, the decrease in AMCs will weaken the soil water holding
capacity, thus increasing the runoff coefficient and causing an increase in surface runoff [50].
Therefore, it is very important to analyze the validity of model parameters. In this regard, we
discussed the UEI on surface runoff under different precipitation frequencies and AMCs.

Under different precipitation frequencies or AMCs, the trend of surface runoff caused by urban
expansion was basically the same. Firstly, as the precipitation frequencies decreased from 90% to
10%, the rate of change in surface runoff in the basin decreased from 0.10% to 0.07%, but the growth
trend of surface runoff remained consistent. Secondly, as the increase in AMCs from AMCI to
AMCIII, the rate of change in surface runoff in the basin decreased from 0.08% to 0.02%. Although
the rate of change decreased, the surface runoff still maintained an increasing trend (Figure 11).

In addition, the catchments severely affected by urban expansion have not changed. The
Huangzhong, Xining, and Datong catchments were still the regions with the most remarkable
increase in surface runoff. Under different precipitation frequencies, the rates of change in surface
runoff in the Huangzhong, Xining and Datong catchments were 2.00-2.86%, 1.73-2.52%, and 0.69-
1.02%, respectively. Under different AMCs, the rates of change in surface runoff in the Huangzhong,
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Xining, and Datong catchments reached 0.48-2.18%, 0.42-2.10%, and 0.20-0.79%, respectively (Figure
11).

Therefore, the parameters selected in this study can reliably reflect the UEI on surface runoff.
First, the variation trend of surface runoff caused by urban expansion remained basically the same
under different precipitation frequencies and AMCs. Second, under different precipitation
frequencies and AMCs, the hot spots affected by urban expansion did not change.
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Figure 11. The UEI on surface runoff under different scenarios. (a) Under different rainfall
frequencies; (b) under different antecedent moisture conditions.

4.3. Coupling the LUSD-Urban and SCS-CN Models Can Effectively Assess the Future UEI on Surface
Runoff in Alpine Basins

According to Shen et al. [51] and He et al. [44], we chose relative error as an indicator to assess
the validity of the model. The results revealed that the coupled LUSD-urban and SCS-CN models can
precisely simulate the future UEI on surface runoff. From 2000 to 2010, the urban expansion of the
basin resulted in a decrease of 11.34%o. in the regional surface runoff. The absolute value of the relative
error simulated by the coupled LUSD-urban and SCS-CN models was 0.18%, while the absolute value
of the relative error simulated by the coupled Future Land Use Simulation (FLUS) and SCS-CN
models was 4.23% (Table 8). The urban expansion of the basin from 2010 to 2017 led to a decrease in
surface runoff of 6.11%.. The simulation result of the coupled LUSD-urban and SCS-CN models was
6.34%o, and the absolute value of the relative error was 3.40%. The simulation result of the coupled
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FLUS and SCS-CN models was 6.83%o, and the absolute value of the relative error was 11.78% (Table
8). The main cause of this difference is that the LUSD-urban model can simulate the spatial process
of urban expansion more precisely than the FLUS model. From 2000 to 2010, the LUSD-urban model
had a simulation accuracy of 0.65 for the urban expansion of the basin, while the simulation accuracy
of the FLUS model was 0.64. From 2010 to 2018, the accuracy of the LUSD-urban model was 0.71,
which was also higher than that of the FLUS model of 0.68 (Figure 12).

Table 8. The comparison between the LUSD-urban and future land use simulation (FLUS) models.

2000-2010 2010-2018
UEI on Surface Relative Error UEI on Surface Relative Error
Runoff (%o) (%) Runoff (%o) (%)
Actual value 11.34 6.11
LUSD-urban +
SCS-CN
FLUS +
SCS-CN

11.32 -0.18 6.34 3.40

11.82 4.23 6.83 11.78

The actual
urban
land

2010 2018

The result

simulated

by the
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urban

model [ ySD-urban Q4
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by the
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Figure 12. The comparison between the LUSD-urban and FLUS models.

4.4. The Need to Focus on Flood Risk Prevention in the Valley Region

Urbanization is a significant cause of frequent flooding in urban areas [52]. On the one hand, the
heat island effect and aerosols caused by urbanization will impact the condensation of water vapor
in urban areas, making cities more prone to extreme precipitation and causing floods [52]. On the
other hand, urban expansion can change the underlying surface conditions, enhancing the regional
flow generation capacity, and increasing the risk of flooding [11].

According to the results of the UEI on surface runoff, we selected the Huangzhong, Xining, and
Datong catchments in the valley region where the UEI on surface runoff was greatest from 2000 to
2050 as hot spots to discuss the local flood risks. According to the study of Shi et al. [23] and the data
of local hydrological stations, we chose the 24-hour rainfall during the flood in July 2010 and the
extreme case when the AMC was AMCIII to analyze the regional flood risk. Combined with local
flood control planning [53], we found that the maximum 24-hour surface runoff that the region could
prevent was 15.28 mm.

Due to the UE] the existing flood control plan can no longer meet the future flood control needs
in some valley regions. Under all SSPs, the surface runoff in the Xining catchment will increase from
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14.28 mm in 2000 to 15.44-15.96 mm in 2050. During the same period, the surface runoff in the Datong
catchment will increase from 16.06 mm to 16.57-16.84 mm. This result indicates that future urban
expansion will cause surface runoff in the Xining catchment and Datong catchment to exceed the
threshold that the region can prevent.

In conclusion, we suggest that the local government should comprehensively carry out flood
risk prevention work in the valley region. Above all, considering that the per capita urban land area
in Xining exceeds the national standard, and it is necessary to reasonably plan for future urban
expansion according to the concept of compact city development. Moreover, due to the widespread
development of folds and faults, low vegetation coverage, and other characteristics that are
conducive to the formation of mountain torrents and debris flows, it is necessary to adopt soft
adaptation measures such as returning farmland to forests and grasslands, setting flood retention
areas and low elevation greenbelts to reduce the risk of mountain torrents. Finally, based on the
current situation of poor flood discharge and aging dike engineering in Xining, Datong, and other
areas [54], hard adaptation measures such as dredging rivers, strengthening flood control dams, and
increasing rainwater storage facilities should be adopted to improve the flood control capacity [55].

4.5. Future Perspectives

There were some limitations to this research. First, in the simulation of future urban land
demand, only a simple linear regression was adopted, which limited the prediction accuracy of future
urban land demands. Second, when analyzing the future UEI on surface runoff, the precipitation data
used were still the precipitation from June to September in the 30 years from 1990 to 2019 when the
precipitation probability of the basin was 50%, without considering the influences of future climate
change.

In the future, we could use the system dynamics model to estimate the urban land demand more
accurately. Meanwhile, combined with the Coupled Model Intercomparison Project Phase 6 (CMIP6)
and the Weather Research and Forecasting (WRF) model, the future precipitation at the catchment
and urban scales could be accurately simulated to estimate the UEI on surface runoff in the context
of future climate change.

5. Conclusions

By coupling the LUSD-urban and SCS-CN models, this paper developed a new method to
evaluate the future UEI on surface runoff in alpine basins. Compared with the coupled FLUS and
SCS-CN models, our method reduced the absolute value of the relative error of the simulation from
3.40% and 11.78% to 0.18% and 4.23%, respectively, indicating that the coupled LUSD-urban and
SCS-CN models can reliably estimate the future UEI on surface runoff in alpine basins.

The urban expansion in alpine basins had severe impacts on surface runoff in the flat and low-
lying valley region. From 2000 to 2018, urban expansion led to 2.18%, 2.10%, and 0.79% increases in
surface runoff in the Huangzhong, Xining, and Datong catchments, respectively. From 2018 to 2050,
urban expansion will cause surface runoff to increase by 4.90-9.01%, 4.25-7.36%, and 2.33-3.95%. In
these catchments, the UEI under localized SSP3 will be the most severe.

Therefore, we recommend that the local government should attach importance to flood risk
prevention, especially in the valley region. First, it is necessary to reasonably plan for future urban
expansion. Second, soft adaptation measures such as returning farmland to forest and grassland,
setting flood retention areas, and low elevation greenbelts can be used to reduce the risk of mountain
torrents. Finally, hard adaptation measures such as dredging rivers, strengthening flood dams, and
increasing stormwater regulation and storage should be adopted to improve flood control capacity.
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