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• Urban growth in Beijing was monitored
from1980 to 2015basedon Landsat data.

• Surface runoff yields were identified
using a land-surface hydrological model.

• The impervious surface fraction increased
from 8.73% in 1980 to 22.22% in 2015.

• The simulated runoff coefficient in 2010
was approximately doubled compared
to 1980.

• The impervious surface fraction of 6% is
the detectable threshold in response to
potential flooding risk.
⁎ Corresponding author at: Beijing Normal University, C
E-mail addresses: ybwang@mail.bnu.edu.cn (Y. Wang

https://doi.org/10.1016/j.scitotenv.2019.135868
0048-9697/© 2019 Elsevier B.V. All rights reserved.
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 2 October 2019
Received in revised form 28 November 2019
Accepted 28 November 2019
Available online 2 December 2019

Editor: Damia Barcelo

Keywords:
Landsat data
Impervious surface
Surface runoff
Potential flooding risk
Beijing
Land surface hydrological modeling
Global urban growth leads to a great increase in the impervious surface area (ISA) such as roads, plazas, airports,
and parking lots, and consequently reshapes hydrological regimes in urban basins. Beijing, the capital of China,
has experienced rapid urban growth since the 1980s. However, the spatial-temporal variability of the ISA and
its impact on flooding risk are unclear. This study monitored urban growth (i.e., the evolution of the ISA) in Bei-
jing for the period of 1980–2015 based on Landsat data, and identified the response of surface runoff yield using a
land-surface hydrologicalmodel. Themodeling at a relatively high spatial resolution (~6 km)was drivenwith re-
trieved long-term ISA dynamics, Global LAnd Surface Satellite (GLASS) product, and climate forcings. The results
show that the impervious surface fraction (ISF) in Beijing increased from 8.73% (1448.16 km2) in 1980 to 22.22%
(3685.92 km2) in 2015.With a demarcation at around the year 2000, the ISA growth presents a new patternwith
a northeast-southwest direction from the Core Functional Zone (Core-Zone). Due to the ISA expansion, the sim-
ulated runoff coefficient in 2010 is approximately doubled compared to that of 1980.We identified an ISF thresh-
old of approximately 6%, beyond which every 1% increase in the ISF may increase the surface runoff by
approximately 5.51 mm/year, and thereby poses a high potential flooding risk even under a moderate rainfall
event. In four typical historical storms, the sensitivity coefficients of surface runoff to precipitation and ISF
were 0.97 and 0.63, respectively, indicating impervious surfaces dramatically enhanced the potential flooding
risk. Our findings have implications for urban planning and the construction of sponge city in Beijing.
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1. Introduction
Global urban growth is illustrated by the fact that over 55% of the 7.6
billion people on earth currently live in cities andmetropolitan areas, up
from 5% in 1900 (UN, 2018). This dramatic demographic shift has ac-
companied land conversion, typically from natural and cropland to arti-
ficial surfaces with relatively low permeability (Rose and Peters, 2001;
Yang et al., 2011; Zhou et al., 2013). The artificial surfaces include
roads, plazas, airports, parking lots, and roofs, which are generally re-
ferred to as the impervious surface area (ISA). Land conversion that
causes disrespects to land capability with environmental land use con-
flicts, e.g., ISA expansion, can generally influence the intensity of pro-
cesses such as infiltration and runoff (Caldas et al., 2018). Specifically,
precipitation on ISA can be converted directly into surface runoff within
a short time and generate runoff and routing (Fletcher et al., 2013;
Konrad and Booth, 2005; Milly et al., 2008), consequently decreasing
evapotranspiration and baseflow and increasing surface runoff and
flooding risk (Olang and Fürst, 2011; Yang et al., 2010). Therefore,
high-density ISA within an extreme weather event has been assumed
to exacerbate casualties and property damage (Jha et al., 2012; Jiang
et al., 2018). For example, Beijing, as the capital of China, has experi-
enced rapid population and construction space expansion since 1978
(Statistics, 2018). As evidenced by a 3000-year record, it is an area vul-
nerable to flooding due to the climate conditions and environmental
factors (Xie et al., 2019).

Techniques to minimize flooding risk in urban areas have also been
promoted in many studies, such as rainwater harvesting, discharge de-
tention, and “sponge city” related measures. Rainwater harvesting and
discharge detention are complementary measures to attenuate peak
flows and to improve water productivity for basic human needs and
other productive activities (Bellu et al., 2016; Sanches Fernandes et al.,
2015; Terêncio et al., 2017). The “sponge city” for stormwater manage-
ment was proposed in China to rationally manage the urban layout and
improve water infiltration and storage using permeable materials. Cur-
rently, this program has been applied in many cities including mega-
cities of Beijing, Tianjin, Shanghai, and Shenzhen (Chan et al., 2018;
Jiang et al., 2018; Xu et al., 2017). Undoubtedly, the implementation of
these Technologies relies heavily on knowledge of hydrological re-
sponses to urban growth (Xia et al., 2017).

To understand the role of urban growth on the potential flooding
risk in Beijing, two questions should arise. First, what has been the
urban dynamic in Beijing during past decades? The urban dynamic in
this study is defined as the spatial-temporal distribution of ISAs. Remote
sensing is a useful technique to address this question as it provides data
to monitor land use/land cover change at various spatial and temporal
scales. Especially, Landsat data (including Thematic Mapper [TM]; En-
hanced Thematic Mapper plus [ETM+]; Operational Land Imager
[OLI]) have been widely used because of the availability of long-term
data (Banskota et al., 2014). For example, Landsat data were used to
map human settlement changes in China (Gong et al., 2019), the change
of ISA in the Washington, D.C.–Baltimore, MD metropolitan (Sexton
et al., 2013), and the urban transitions of the Red River Delta in
Vietnam (Miguel et al., 2014; Yang et al., 2010). Li et al. (2015) derived
the annual urban dynamics of Beijing based on Landsat data and indi-
cated the importance of mapping the long-term ISA of Beijing.

Second, what is the evolution of surface runoff yield in response to
urban growth? This question could be addressed based on water dis-
charge observations with long-term series and storm event-based
data (Miller et al., 2014). However, the data are usually sparse and
therefore limit such studies. Alternatively, hydrological models are
widely used because they are able to simulate hydrological processes
across various scales so as to compensate for the inadequacy of observa-
tions, and to design different scenarios for purposeful analysis and pro-
jections (Yang et al., 2011). Therefore, hydrological modeling is
preferred in urban flood detection (Salvadore et al., 2015). For example,
the Variable Infiltration Capacity (VIC) model (Liang et al., 1994; Liang
et al., 1996) was successfully used to identify the runoff response to
urban intensity in the White River Basin, Indiana (Yang et al., 2011;
Yang et al., 2010). For more cases of hydrological modeling, please
refer to Pumo et al. (2017) and Salvadore et al. (2015) where relatively
comprehensive reviewswere given regarding the applications of hydro-
logical models in urban watersheds.

With the availability of urbandynamic data, it is essential to incorpo-
rate this information into hydrological modeling. Currently, however,
most studies using hydrological modeling have only considered two
or three scenarios regarding pre-urbanization and post-urbanization
conditions, thereby quantifying the contribution of urban growth to
the hydrological cycle in urban watersheds (Yang et al., 2010; Zhou
et al., 2013). Urban growth is generally a continuous process along
with ISA increase, therefore, hydrological modeling should reflect the
urban dynamics and other land cover changes to conduct a reasonable
simulation with respect to runoff generation and flood risk analysis
(Pumo et al., 2017).

The objective of this study is to identify the response of annual sur-
face runoff yields and flood events to urban growth in Beijing. The ISA
maps of Beijing were first extracted based on Landsat data thereby de-
tecting the urban growth pattern during the period of 1980–2015. A
land-surface hydrological model, i.e., the VIC model, was employed at
a spatial resolution of 0.0625° (~6 km). The feature of the hydrological
modeling is that the ISA dynamics and vegetation parameters from sat-
ellite remote sensing products are incorporated in the modeling. It
should be noted that we focused on spatial-temporal surface runoff
depth analysis over Beijing for the annual surface runoff yields and
flood events, which is assumed to represent the potential flooding risk
rather than the real flooding or waterlogging conditions. The findings
of this study are expected to be valuable for understanding the interac-
tion between impervious surfaces and hydrological processes, and give
implications for flood mitigation measures (e.g., the sponge city pro-
gram) and urban planning in megacities worldwide like Beijing.

2. Study area and data

2.1. Study area

Beijing is located in northern China and has an area of nearly
16,584 km2 (Fig. 1). The northwest region is surrounded by mountains
which cover 62% of the total area. It had over 21million permanent res-
idents in 2018, compared to 9 million in 1980. The construction and
completed floor space was approximately 696.63 km2 in 2018, which
had increased by 28.61 times compared to the area in 1980
(23.525 km2) (Statistics, 2018). According to the Eleventh Five-Year
Plan, Beijing is divided into four functional zones: the Core Functional
Zone (Core-Zone, 94 km2, 0.57%), the Urban Functional Extended Zone
(Extended-Zone, 1289 km2, 7.77%), the New Urban Development Zone
(NewDev-Zone, 6322 km2, 38.12%), and the Ecological Conservation
Zone (Eco-Zone, 8880 km2, 53.54%). The Core-Zone is used to develop
political and cultural distinctions (e.g., historic buildings, conference
centers), the Extended-Zone and the NewDev-Zone focus on the devel-
opment of commerce and manufacturing, respectively, and the Eco-
Zone serves as a green ecological barrier and provides protection for
water sources. Thus, the ISAs are mainly distributed in the first three
zones.

Beijing has awarmmonsoon climate which is characterized by large
seasonal variations in temperature and precipitation. The annual tem-
perature ranges from 6 to 14 °C with a northwest-southeast increasing
gradient. Annual precipitation is approximately 500mmduring the pe-
riod 1975–2015 (Fig. 1). Precipitation is mainly affected by topography
and the monsoon climate, resulting in an extremely uneven seasonal
distribution of precipitation, with 80% concentrated in summer when
the city is seriously susceptible to flooding. Under such climate condi-
tions and land surface transformation, flooding has increasingly become
a devastating disaster in Beijing (Jia et al., 2019). It has experienced over



Fig. 1. Information of Beijing: (a) location of Beijing and three hydrological stations:Wenyu (WY), Boyachang (BYCH), Qianxinzhuang (QXZ),with thedigital elevationmodel (DEM) as the
background; (b) distribution of annual precipitation and four function zones from 1975 to 2015.
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40 extreme climate andflooding events since 2004 (Yang et al., 2016). A
typical example was the July 21, 2012 flooding event which caused 70
deaths and the facility paralysis, with economic losses of approximately
16 billion RMB (Xu, 2018).

2.2. Data

2.2.1. Data for ISA extraction
In this study, we refer to the ISA definition given by Liu et al. (2011):

sites that are dominated by human activities and habitation through the
construction of transportation and buildings, including all anthropo-
genic materials that water cannot infiltrate (e.g., roads, buildings, and
square). “Dominated” indicates N50% coverage with built environments
within each pixel. Landsat remote sensing data (obtained from United
States Geological Survey [USGS], http://earthexplorer.usgs.gov/) were
used to extract the ISA. Since Beijing covers two remote sensing tiles,
we downloaded two image tiles every five years from 1980 to 2015,
thus, a total of 16 tiles of images were employed to extract the ISA.
The quality of Landsat images was first manually examined to select
cloud-free images and to minimize the time difference between two
tiles of images during the same time period. Data for 1980 was derived
from Landsat-MSS, with a spatial resolution of 78 m, and other data
were derived from Landsat-TM and Landsat-OLI with a spatial resolu-
tion of 30 m. All images were processed to L2T-level (e.g., passed the
corrections of topography and radiation) and were geometrically regis-
tered with geometric errors of less than one pixel. The nearest neighbor
resampling technique was used to resample the Landsat images into a
pixel size of 30 m during image-to-image registration.

These Landsat images were then inlaid into eight sets for the years
1980, 1985, 1990, 1995, 2000, 2005, 2010, and 2015 using the Classifica-
tion Regression Tree (CART) method for ISA extraction. The CART
method will be described in Section 3.1.

2.2.2. Data for hydrological model input
The VICmodel input included topographical, meteorological forcing,

soil, and vegetation data. The topographical (i.e., the digital elevation
model; DEM) data was obtained from USGS with 90 m resolution. The
DEM was used to delineate river networks and extract watersheds
that were necessary for runoff routing. The meteorological forcing vari-
ables used in this study includedprecipitation,maximumandminimum
air temperature, and wind speed. The daily data regarding these vari-
ables were from Zhu et al. (2019) with a spatial resolution of 0.0625°
(~6 km). The data were produced by interpolating observations from
meteorological stations and have been evaluated over China with en-
couraging reliability (Xie et al., 2015; Zhu et al., 2019). The soil dataset
that was used to define the VIC model parameters was obtained based
on a 30 × 30 arc-second-resolution soil characteristics dataset (Zhu
et al., 2019). In this dataset, soil physical parameters such as field capac-
ity, wilting point, saturated hydraulic conductivity, and bulk density
were derived based on a China soil dataset (Dai et al., 2013; Wei et al.,
2013). The other parameters (e.g., bubbling pressure, thermal damping
depth) were defined according to the soil dataset from Food and Agri-
culture Organization (FAO) (Nijssen et al., 2001).

The land use changes in the period of 1980–2015 were represented
with eight land cover mapswhich were created bymerging Landsat TM
digital images (Liu et al., 2014; Liu et al., 2003; Liu et al., 2010) with a
spatial resolution of 1 km(referred to as basemaps of land cover). How-
ever, this land cover dataset may render substantial bias for the spatial-
temporal distribution of ISAs due to the coarse resolution (Gong et al.,
2019; Xie et al., 2015). Therefore, the land use type of urban region in
these base maps were replaced by our new ISA extraction.

This study produced new ISA maps for Beijing with a spatial resolu-
tion of 30 m based on the data described in Section 2.2.1. Thus, the base
maps (i.e., the base maps of land cover) were overlaid with the new ISA
maps to achieve new land cover maps which were used in the VIC
modeling. Moreover, the leaf area index (LAI), as an important parame-
ter of vegetation condition,was calculated using theGlobal Land Surface
Satellite (GLASS) product and was incorporated in the modeling (Liang
et al., 2013; Liang et al., 2014). TheGLASS LAI data setwere derived from
multi-satellite reflectance using general regression neural networks at
8-day temporal resolution and 1-km spatial resolution from 1981 to
2018 (Xiao et al., 2014; Xiao et al., 2016). Other vegetation parameters
were extracted from Zhu et al. (2019). Therefore, eight sets of vegeta-
tion parameters were prepared corresponding to land cover maps to
capture vegetation dynamics in Beijing.

2.2.3. Data for model evaluation
Three stations of streamflow data were available from the Annual

Hydrological Report for the P.R. China (AHR, 2016). As shown in Fig. 1,
the three stations (i.e., Boyachang [BYCH], Qianxinzhuang [QXZ], and
Wenyu [WY]), are located at the outlets of three catchmentswith drain-
age areas of 98, 344, and 859 km2, respectively. The data from the three
stations were separated into calibration and validation periods for the
VIC evaluation. Streamflow observations were converted to runoff by
dividing the area of the corresponding watershed so that the simulated
runoff could be compared with the observations at monthly or yearly

http://earthexplorer.usgs.gov/
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scales. The three catchments can be viewed as representative since they
have various land cover types, including ISAs, crop, forest, and grass.
Based on the similarity of land cover and soil properties, the VIC param-
eters could be transferred from gauged catchments to ungauged areas
based on the land cover distribution.

3. Methods

The workflow of this study can be divided into three parts as shown
in Fig. 2: ISA extraction and data preparation, hydrological model setup
and evaluation, and scenario design and potential flood risk analysis.
The methods associated with the first two are described subsequently
in this section. The results of the third part are presented in Section 4.

3.1. ISA extraction

The CART method was applied to obtain the ISA distribution in Bei-
jing based on Landsat images. The CART is a decision tree method
which divides training samples into uniform subsets using a recursive
binary segmentation approach (Zhang and Qian, 2015). The tree struc-
ture (e.g., branches and nodes) was established when dividing training
samples and was applied to the subsequent image classification (Wu
et al., 2012). Due to its flexibility and capability, CART has been widely
used inmany studies and serves as a standardmethod in the USGS Geo-
logical Analysis and Monitoring Plan for the national land cover data-
base (Qi and Yue, 2011).

The classification process was divided into three steps. First, each
Landsat image was divided into nine categories (water body, bare
land, cropland, square, roads, forest, grass, old buildings, and new build-
ings) using the CART method. Second, the filter-merge method was
used to eliminate mutation points (e.g., building grids surrounded by
water bodies) from appearing in the classification results. Third, the im-
proved results were binarized to extract the ISA distribution based on
the infiltration properties of the nine categories; buildings, square, and
roads were classified as ISA, and the other categories were considered
permeable surface area.
Fig. 2. The workflow of this work.
The classification verification process was also divided into three
steps. First, we generated 200 testing samples from the entire image
using a random sampling method. Second, the testing samples were
manually classified into impervious or permeable types by referring to
the high-resolution image (e.g., Google Earth). The first and second
steps were repeated until 150 testing samples were obtained for each
impervious and permeable type, thus the testing sampleswere basically
consistent with a random distribution. Then, the testing samples were
used to establish a confusion matrix to value the accuracy of the classi-
fication in the third step. The confusion matrix included the product's
accuracy (PA), the user's accuracy (UA), the overall accuracy (OA),
and the kappa coefficient (Table 1). Please note thatwe repeated the se-
lection of testing samples for each classification result (i.e., each image)
because of the dynamic changes in land cover.
3.2. The VIC model development and its setup

As a large-scale land-surface hydrological model, the VICmodel was
used in this study as it has been successfully applied in studies on vari-
ous scales (Cuo et al., 2013; Liang and Xie, 2001; Nijssen et al., 2001; Xie
et al., 2015; Xie et al., 2007). Among many land surface hydrological
models, the VIC model is distinguished by its variable infiltration
curve and a nonlinear relationship between baseflow and deep soil
moisture (Liang et al., 1994; Liang et al., 1996). It divides a study area
into grids, and represents multiple vegetation types and one main soil
layer within each grid cell, which is regarded as an independent unit
for a simulation. Moreover, it can simulate water and energy balance
from the land surface to the soil profile (Liang and Xie, 2001; Xie et al.,
2003). The VIC model was therefore employed to quantify the hydro-
logic response to urban growth in Beijing.

The VIC model was run with a resolution of 0.0625° (~6 km) and a
daily time step, which was consistent with the resolution of themeteo-
rological forcing data. Its parameters should be calibrated to improve
the streamflow simulation and reflect the impact of land cover in Beijing
(Lohmann et al., 1998; Nijssen et al., 2003). Although the VICmodel pa-
rameters have been well verified over China by Zhu et al. (2019), we
further calibrated seven empirical and influential parameters for Beijing
using streamflow observations. The seven parameters included the in-
filtration parameter (B), the three baseflow parameters (DS, Dm, and
WS), and the thicknesses of three soil layers. For more detailed informa-
tion about these parameters please refer to Liang et al. (1994), Liang
et al. (1996), and Liang and Xie (2001). The model calibration was con-
ducted to adjust the seven model parameters so as to match the runoff
simulations with the observations. The calibrated model parameters
were then transferred to ungauged basins in Beijing based on similari-
ties of soil and land cover.

TheVICmodel does not have a specificmodule to consider hydrolog-
ical processes in urban areas. Therefore, to reflect the low permeability
of the land cover with ISA, we modified the VIC program code. Rainfall
on the ISA was assumed to directly become surface runoff. This treat-
mentwas set according to Yang et al. (2010), as it is considered suitable
in urbanized regions.

To explore the urban growth effect on surface runoff generation dur-
ing the period of 1980–2015, we performed two simulation scenarios
with VIC modeling. One involved simulating the real hydrological pro-
cesses under urban growth and is referred to as an “Urban” scenario.
In this scenario, the land cover information (i.e., the land cover maps
merged the base maps of land cover with the new ISA maps, as de-
scribed in Sections 2.2.2 and 3.1) in VIC was updated every five years,
i.e., at the beginning of 1980, 1985, 1990, 1995, 2000, 2005, and 2010.
The land cover map for 2015 was not used in the modeling because
the map of 2010 was used to represent the land cover conditions for
the period of 2010–2015. Through the period of 1980–2015, there
were seven sets of vegetation parameters based on the related land
cover maps that were described in Sections 2.2.1 and 3.1. Please note



Table 1
Confusion matrix and decision parameters for ISA extraction results.
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that this “Urban” scenario was the simulation that underwent calibra-
tion and validation as described in Section 4.2.

The second scenariowas based on a synthetic condition inwhichwe
assumed no urban growth in Beijing, and is denoted as the “No-urban”
scenario. The modeling was only fed with the land cover map of 1980
and the land cover and vegetation parameters were not updated
through the 1980–2015 period. Therefore, the simulated results from
the “Urban” scenario can be viewed as the combined effect of climate
change and urban growth, and the results from the “No-urban” scenario
are only contributed by climate change. Under the first-order approxi-
mation, the simulation difference between the two scenarios is assumed
to represent the hydrological effect of urban growth.

3.3. Evaluation index

In the evaluation, severalmeasureswere used to quantitatively eval-
uate the performance of the model and the impact of the impervious
surface fraction (ISF) on surface runoff. Three statistical indices, Nash–
Sutcliffe efficiency (NSE) (Nash and Sutcliffe, 1970), relative error (Er),
and correlation coefficient (R)were used todescribe the agreements be-
tween the simulated and observed data, and Rwas also used to track the
relative relationship associated with the surface runoff and ISF. These
indexes are defined as follows:

NSE ¼ 1−
Pn

i¼1 Qobs;i−Qsim;i
� �2

Pn
i¼1 Qobs;i−Qobs

� �2 ð1Þ

Er ¼
�Qsim−�Qobs

�Qobs
� 100% ð2Þ
R ¼
Pn

i¼1 Qobs;i−Qobs

� �
Qsim;i−Qsim

� �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn

i¼1 Qobs;i−Qobs

� �2
r ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn

i¼1 Qsim;i−Qsim

� �2
r ð3Þ

whereQobs, i is the observed streamflow for amonth (year) i,Qsim, i is the
simulated streamflow for a month (year) i, the Qsim and Qobs are simu-
lated and observed mean runoff during the whole period, respectively.

A sensitivity coefficient (Sc)was adopted to identify the sensitivity of
surface runoff to changes in precipitation or ISF, as it is a partial deriva-
tive based algorithm (Beven, 1979). Its non-dimensional form is
expressed as (Hao et al., 2018):

Sc ¼ lim
X→0

ΔQ=Q
ΔX=X

ð4Þ

where X is the factor that affects surface runoff (Q), referring to the ISF
or precipitation in this study. A positive (or negative) Scmeans that sur-
face runoff will be enhanced (or shrunk) as the X increase. For the sen-
sitivity to precipitation, the change of Q (ΔQ) was calculated based on
the “No-urban” scenario; for the sensitivity to ISF, ΔQ was described
as the difference of Q between the “Urban” scenario and the “No-
urban” scenario.

4. Results

4.1. Urban growth

We first evaluated the accuracy of the ISA extraction. As pre-
sented in Table 1, the OAs of all Landsat scenes exceeded 90%, and
the kappa coefficients were higher than 0.8, which indicated that
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the classification results were generally credible. The varied accura-
cies among the scenes were largely associated with image quality,
including their acquisition dates, cloud coverage, or variations in cli-
matic conditions.

The ISA had a significant upward trend over Beijing. As shown in
Fig. 3, the ISAs increased from 1448.16 km2 around 1980 to
3685.92 km2 around 2015, with an increasing linear trend of approx-
imately 48.11 km2/year. The increase primarily occurred in the
Extended-Zone and the NewDev-Zone, where the ISF increased by
approximately 33% and 21%, respectively. Small changes occurred
in the Core-Zone after the ISF increased from approximately 81% to
91% during 1980–1985, and the ISF in the Eco-Zone remained
below 8%. In the period of 1980–2000, the ISA growth was mainly
concentrated in the Core-Zone and the Extended-Zone. After 2000,
the ISAs spread to the NewDev-Zone with a southwest-northeast
direction.

We integrated the eight ISA distributions with the corresponding
base land cover maps to discuss the land use transformation. Fig. 4 pre-
sents the land use for 1980 and 2015. The Extended-Zone and the
NewDev-Zone had the largest land use change among the four zones.
The most obvious change was the conversion from dry crop land
(e.g., corn/wheat) to ISA, followed by wet cropland (e.g., paddy field)
conversion to ISA, the two land use types decreased by 51.12% and
33.79% respectively. Other land use types, such as woodland and
water bodies, were mainly affected by the environment and topogra-
phy, and changed by b8% over the three and a half decades.
Fig. 3. Temporal-spatial variation of ISA in Beijing: (a) Temporal variation of ISA; (b) tempora
shown in different colors as background.
4.2. Hydrological model evaluation

The VIC model was calibrated and validated using the streamflow
data from the three watersheds. Table 2 and Fig. 5 show the model per-
formance for the calibration and validation periods. The VIC simulations
agreed well with the runoff observations as they showed similar pat-
terns for the temporal dynamics for both the calibration and validation
periods. Particularly, the simulations had an encouraging feature in
their ability to capture high-flow dynamics.

For the calibration period, theNSEs in three stationswere N0.4, and R
was N0.8. However, the monthly runoff for the QXZH and the BYC wa-
tersheds was overestimated with Ers of approximately 47.36% and
11.66%, respectively, especially for the low-flow process estimation.
This overestimation is probably attributable to the fact that the VIC
modeling designed in this study failed to consider other human activi-
ties on hydrological processes. For example, the modeling did not con-
sider water resources allocations for industrial uses which may
impose a substantial impact on the streamflow.

For the validation period, the NSEs for three stations were N0.7, with
R N0.8. Similarly as in the calibration period, the monthly runoff for the
QXZH and the BYC watersheds was overestimated with Ers of approxi-
mately 54.94% and 22.42%, respectively, and the yearly runoff for the WY
watershed was overestimated with Er of approximately 9.05%. The larger
Er compared to the calibrationperiodmaybedue to the increased intensity
of human activities. Despite the overestimation, the VIC model demon-
strated an acceptable performance for the runoff simulation after model
l variation of ISF in Beijing and the four zones; (c) ISA distribution maps, with four zones



Fig. 4. The land cover types of Beijing in 1980 (left) and 2015 (right), respectively.
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calibration. Therefore, theVICmodel and the parameter values canbe used
to identify the hydrological effect of the ISA expansion in Beijing.

4.3. Response of surface runoff to urban growth

After model evaluation, the simulated results based on the “Urban”
and “No-urban” scenarios were used to identify the impact of urban
growth. As shown in Fig. 6, annual surface runoff increased in the four
zones during the period of 1980–2015, and especially in the
Extended-Zone where the annual surface runoff was approximately
156.2 mm during 1980–1984 and increased to 415.5 mm during
2010–2014. When comparing the results from the “Urban” and the
“No-urban” scenarios, the increased surface runoff was primarily attrib-
utable to the ISA expansion,which contributed the largest surface runoff
increase in the Extended-Zone (5.50 mm/year), followed by the
NewDev-Zone (3.04 mm/year), the Core-Zone (1.23 mm/year), and
the Eco-Zone (0.50 mm/year).

Along with the increasing surface runoff, the surface runoff coeffi-
cient (RC) presented a similar pattern (Fig. 7). Overall, the RC of Beijing
increased from 0.12 in 1980–1984 to 0.25 in 2010–2014. The Extended-
Zone had the highest increase from 0.36 to 0.71 for the same periods.
Moreover, the Core-Zone exhibited the largest RC (mean of 0.9), and
the Eco-Zone had the lowest mean RC of 0.10.

The spatial distributions of surface runoff and RC were consistent
with the ISF variability. Fig. 8 presents the spatial distributions of
mean surface runoff and RC, together with the ISF for four five-year rep-
resentative periods in every decade. During the past 36 years, the high
density of ISA (ISF N 70%) spread from the Core-Zone to the Extended-
Zone. The number of grid cells with ISF N 70% increased from 6 during
1980–1984 to 34 during 2010–2014. Under such urban growth, high
annual surface runoff and RC also extended from the Core-Zone to the
Extended-Zone. In the whole of Beijing, annual surface runoff was ap-
proximately 70.4 mm during 1980–1984, and 135.9 mm during
2010–2014.

To roughly quantify the consequence of urban growth,we calculated
the R for the surface runoff/RC and ISF, which provides a measure of
how closely surface runoff generation and ISF rankings are in agree-
ment. As shown in Fig. 8, the annual surface runoff had a high correla-
tion with the ISF (R = 0.6) for the four representative periods. The R
Table 2
Model performance for the three watersheds.

Station Calibration Validation

NSE Er R NSE Er R

QXZH 0.46 47.36% 0.84 0.72 54.94% 0.93
BYC 0.66 11.66% 0.84 0.72 22.42% 0.87
WY 0.59 −0.18% 0.83 0.86 9.05% 0.99
between annual surface runoff and ISF increased with the ISF, and
reached 0.74 during 2010–2014. A similar pattern also appeared for R
between the RC and the ISF.

Owing to the high spatial correlation described above,we further de-
tected the relationship between the surface runoff generation and ISF.
For the period of 2010–2014,we plotted themean annual surface runoff
against the associated ISF for each grid cell, and the variation of daily
surface runoff, which was represented by the standard deviation of
daily surface runoff for 2010–2014. As shown in Fig. 9, interestingly,
Fig. 5. Simulated discharge compared to observations: (a) QXZ; (b) BYCH; and (c)WY. The
dark dotted line divides the data for calibration period (before) and validation period
(after).



Fig. 6. The yearly surface runoff and its differences of “Urban” and “No-urban” scenario in the four zones: (a) Core-Zone; (b) Extended-Zone; (c) NewDev-Zone; and (d) Eco-Zone. The
shaded area represents the difference between the two scenarios.
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the annual surface runoff had a strong linear correlation with the ISF if
the ISFwas N6%. A 1% rise of ISFmay cause an increase in the annual sur-
face runoff of 5.51 mm. Moreover, the standard deviation also linearly
correlated well with the ISF, which means that increasing the ISF may
lead to variability in surface runoff generation. For the grid cells with
ISF b 6%, the annual surface runoff and the variation of daily surface run-
off did not exhibit apparent linear correlations with the ISF. Therefore,
an ISF of 6%may be a potential threshold for detecting urban growth ef-
fects on surface runoff. When the ISF is beyond this threshold, the in-
crease of ISF will not only affect the magnitude of surface runoff but
will also promote the dispersion of daily surface runoff.

4.4. Influence of ISA under historical rainstorm events

To identify potential flooding consequences of urban growth, four
typical rainstorm events were selected from the VIC simulations
Fig. 7. Surface runoff coefficient (RC) of Beijing and the four zones in Beijing during
1980–2015.
regarding the “Urban” and the “No-urban” scenarios. The four rainstorm
events were distributed in different decades with one-day spatial mean
rainfall ranging from 62 to 118 mm (Table 3). As shown in Fig. 10, the
spatial patterns of rainfall in the four events were quite different, how-
ever, their surface runoff generation was consistently concentrated in
the Core-Zone and the Extended-Zone. For example, the rain event of
July 6, 1998, focused on the west part of Beijing, departing from the
city center, however the potentialflooding areawith devastating conse-
quence (surface runoff N 50mm)mainly spread over the Core-Zone and
the Extended-Zone, and the surface runoff depth in the Core-Zone was
over 80mm for the event. If the urban growthwas removed in the sim-
ulation (i.e., the “No-urban” scenario), however, the potential flooding
area was substantially reduced and was instead concentrated in the
Core-Zone and the rainstorm center areas.

We highlight the July 21, 2012, rainstorm event. The mean rainfall
was approximately 118mm in this event, which caused a surface runoff
yield of 32.5 mm across Beijing. Particularly, the Core-Zone and the
Extended-Zone had the largest surface runoff yields of 156.3 and
122.8 mm, respectively. The potential flooding area with devastating
consequence was approximately 3207.7 km2, extending to a part of
the NewDev-Zone. For the “No-urban” scenario, the surface runoff
yield was approximately 17.1 mm, which means that urban growth
caused a 90.6% increase in surface runoff. Moreover, the potential
flooding area was only approximately 887.8 km2 and was concentrated
in the Core-Zone and a part of the Extended-Zone.

The four events showed different surface runoff generation re-
sponses to urban growth and precipitation (Table 3). The difference in
the surface runoff yield from the “Urban” and “No-urban” scenario
was approximately 18.5% for the whole of Beijing in the August 25,
1985 event, however, the difference was up to 90.6% in the July 21,
2012 event. Thus, the potential flooding risk shows a significant correla-
tion with urban growth. Moreover, the four zones in Beijing demon-
strated an uneven response. The Extended-Zone and the NewDev-
Zone show the largest increase in surface runoff yield, from 30 to 40%
(in the August 25, 1985 event) to approximately or over 100% (in the
July 21, 2012 event), relative to the scenario of “No-urban” growth, as
these two zones have had rapid urban expansion.

We calculated the sensitivity coefficient Sc by taking the surface run-
off from the Aug 25, 1985 event as the reference, and averaged the Sc re-
garding the other three events. Despite the uneven spatial distribution
of precipitation, the averaged sensitivity coefficient Sc of surface runoff



Fig. 8. The spatial distribution of ISF (top), surface runoff (middle), and RC (bottom) in Beijing. The time from left to right corresponds to the period of 1980–1984, 1990–1994, 2000–2004,
and 2010–2014. The term of R in the middle plots is the correlation coefficient between the surface runoff and the associated ISF.
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to precipitation was 0.97, and the Sc to ISF was up to 0.63. So the in-
creased ISA dramatically enhanced the potential flooding risk, despite
the dominant contribution of the rainstorm.

5. Discussion

5.1. Urban growth and surface runoff yield

This study captures the changes in ISF and the associated surface
runoff in Beijing based on remote sensing data and VIC modeling. The
Fig. 9. The relationship of surface runoff and ISF for current conditions (2010–2014):
overall ISF in Beijing increased by 13.49% during the period of
1980–2015, recording the urban growth in northeast-southwest direc-
tions from the Core-Zone. The urban area was mostly transformed
from cropland. The ISAs estimated in this study is different from the re-
sults in Li et al. (2015), which reported that the area increased from ap-
proximately 745.92 km2 to 2670.83 km2 in the 1984–2013 period. This
differencewas partly attributable to the definition of an ISA. In the study
by Li et al. (2015), the ISA did not include villages and related construc-
tion areas. Moreover, the satellite data used in Li et al. (2015) did not
cover the entire area of Beijing and a small part was neglected. Xiang
(a) Annual average surface runoff; (b) standard deviation of daily surface runoff.



Table 3
Historical rainstorm data and surface runoff results.

Event date Core-Zone Expanded-Zone NewDev-Zone Eco-Zone Beijing

Aug 25, 1985 Rainfall 101.0 105.1 79.7 81.9 82.9
Surface runoff (Urban) 92.7 50.3 13.5 14.1 17.3
Surface runoff (No-urban) 81.9 36.7 10.3 13.4 14.6
Difference 13.2% 37.1% 30.1% 5.2% 18.5%

Jul 06, 1998 Rainfall 89.3 98.6 89.0 94.7 92.7
Surface runoff (Urban) 85.5 59.0 19.0 13.4 19.6
Surface runoff (No-urban) 72.0 35.0 11.8 10.6 13.4
Difference 18.6% 68.6% 61.9% 26.4% 46.3%

Jul 23, 2005 Rainfall 65.5 68.5 74.2 52.5 62.1
Surface runoff (Urban) 59.5 40.7 18.7 5.4 13.6
Surface runoff (No-urban) 52.8 23.0 8.4 4.3 7.7
Difference 12.5% 80.0% 122.6% 25.6% 76.6%

Jul 21, 2012 Rainfall 169.4 178.0 138.4 94.4 118.1
Surface runoff (Urban) 156.3 122.8 40.4 12.2 32.5
Surface runoff (No-urban) 136.9 62.4 17.0 8.8 17.1
Difference 14.2% 96.8% 137.6% 39.8% 90.6%

10 Y. Wang et al. / Science of the Total Environment 705 (2020) 135868
et al. (2018) also derived the ISA for Beijing and the size is consistent
with our study, indicating the reliability of the ISA estimation in this
study.

After quantifying the urban growth, we explored the response of
surface runoff. Urban growth caused a doubling in the annual RC for
the whole of Beijing (from 0.12 to 0.25). The Extended-Zone and the
NewDev-Zone showed the largest increases of surface runoff yield due
to their dramatic increases in ISAs. Moreover, urban growth led to a
N90% increase in surface runoff for the same level of storm event of
July 21, 2012. Thus, the progress of urbanization in Beijing has obviously
expanded the potential flooding risk.
Fig. 10. Precipitation (top) and surface runoff distribution for the “Urban” (mid
These points have also been partly documented by other studies in
Beijing. The urban commercial district in the Extended-Zone is suscep-
tible to the highest potential flooding risk, especially for the total and
the peak runoff depth (Yao et al., 2017; Yao et al., 2018). Y. Zhang
et al. (2018) focused on a small catchment in Beijing and indicated
that the extreme high flow depth has increased from 0.6% to 10.5%
due to the increasing ISA. Jing et al. (2014) found that the flooding-
affected area appeared a spatial expansion during the years of
1981–2011, which was primarily contributed to by the built-up area.
These studies revealed the increasing potential of flooding risk in
small catchment areas of Beijing. Our study has the advantages of
dle) and “No-urban” (bottom) scenarios under historical rainstorm events.
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mapping the long-term dynamics of ISA throughout Beijing and quanti-
fying the contribution of urban growth to the potential flooding risk.

Beijing is not alonewith respect to urban growth and the associated
hydrological response. Table 4 summaries seven relevant past studies
for different regions and climate zones. According to these studies,
urban growth leads to an increase in surface runoff (Zhou et al., 2013),
high-flow frequency, and flow variability (Yang et al., 2010), which be-
come severe in extreme weather events (W. Zhang et al., 2018; Zope
et al., 2016). And Increases in ISA for rural catchmentsmay have greater
impact on floods than that for an existing urban area (Du et al., 2012;
Miller et al., 2014). The magnitude of the increase may vary, partly de-
pending on the climate condition, the progress of urbanization, and
the adopted spatial and temporal scales. However, Beijing is a typical
fast-growingmegacity with a high-density population, and its potential
flooding risk isworthy of attention due to its dramatic surface runoff in-
crease in the period of 1980–2015.

5.2. Implications for the sponge city construction

The July 21, 2012 flooding disaster in Beijing raised considerable at-
tention towards the green urban development and sponge city as a sig-
nificant national strategy in China (Chan et al., 2018). The concept of a
sponge city is to increase themanagement and storage capacity of rain-
water in urban areas by constructing sponge measures for stormwater
infiltration, retention, storage, purification, utilization, and drainage
(Xia et al., 2017). For example, the use of permeable pavements should
gradually spread to replace the traditional ISA for source control of run-
off yield in extreme weather events (Y. Xu et al., 2018).

The results from this studymayhave implications for the sponge city
construction. The ISA maps from remote sensing techniques illustrated
the effectiveness in monitoring the urban growth, and the maps can
serve as basic information for the design of a sponge city (Xia et al.,
2017; Z. Xu et al., 2018). Specifically, the sponge measures should
focus on regions prone to flooding and waterlogging, especially the
Extended-Zone and the NewDev-Zone. Moreover, this study suggests
that urban growth may not have obvious effects on surface runoff
Table 4
Summary of some relevant past works, for the assessment of ISA (Urban area) growth and its i

Study region Climate zone Study period ISF
increase

Key result

White River
(Indiana): 16
watersheds

Humid
continental

1980–2003 0.80% (1) Simulated
variability

(2) 3%–5% ISA
Qinhuai watershed
(China)

Temperate
monsoon

1988–2009 17.00% (1) Slightly in
wet year

(2) The daily
(3) The peak d

ISA
Swindon (UK): 2
catchments

Temperate
marine

1960–2010 33.00% (1) Flood dura
(2) Increases

that for an
Houston Subtropical

monsoon-humid
(25–30)-08-2017 – (1) Urbanizat

(2) The proba
about 21 t

The United States Various 2001–2011 0.22% (1) Urban spr
very high

(2) Ten states
2011 were

Yangtze River Delta
(China)

Subtropical
monsoon

1985–2008 4.90% (1) Surface ru
(2) The simul

increased
Mumbai (India):
Oshiwara River
Basin

Tropical
monsoon

1966–2009 13.79% (1) Peak runo
(2) The flood
(3) The total fl

Beijing (China) Temperate
monsoon

1980–2015 13.49% (1) Surface ru
the simula

(2) 6% ISA in B
(3) Sensitivity

and 0.63, r
until the ISF is up to 6% in Beijing. With every 1% increase in the ISF ex-
ceeding this threshold, annual surface runoff is likely to increase by
5.51mm/yearwith increasing temporal variability. This effect is primar-
ily determined by regional climatic conditions. Therefore, areas with an
ISF N 6% should be of high concern for the construction of sponge mea-
sures. Furthermore, the increasing potential flooding risk demonstrated
in this study implies that the capability of real-time urban monitoring,
hydrological forecasting, and emergency response programs should be
strengthened to facilitate the management of future extreme weather
events (Y. Zhang et al., 2018).

5.3. Limitations

This study has limitations in the ISA extraction and the hydrological
modeling that may have induced potential uncertainties in the flood
risk analysis for Beijing. First, the ISA extraction is sensitive to the data
quality of the remote sensing images and the training samples in the
CART algorithm. Our research covered three sensors (MSS, TM, and
OLI), which may lead to slight differences in radiation, especially for
the MSS sensor with a spatial resolution of 78 m in 1980. The training
samplesweremanually selected by visual recognition,which also intro-
duced uncertainties in the ISA extraction.

Second, the ISA in the VICmodelingwas assumed as an effective im-
pervious area onto which rainfall can directly convert to surface runoff.
This assumption likely overestimates the surface runoff yield, because
some roads and squares are actually permeable or partly permeable,
and a certain portion of water from rainfall can be retained and is subse-
quently lost by evaporation even when rain falls on ISAs. Third, this
study does not consider the connectivity of pervious surface and imper-
vious surface. Actually, the two types of land cover are connected, like a
mosaic. The surface runoff from ISAs can flow though the ISA and be
detained by the neighboring pervious surface areas (e.g., grass), which
allows the water to evaporate and infiltrate into the soil profile. There-
fore, neglecting the connectivity may also induce overestimation of sur-
face runoff yield to some degree (Schueler et al., 2009). Fourth, this
study did not consider the runoff routing in the drainage system. The
mpact on regional (watershed) hydrology (the current paper is added for completeness).

Reference

high-flow increased by19% in frequency and by 12% in flow

in a watershed is the detectable threshold

(Yang et al., 2010)

creases in mean annual runoff, dry year more obvious than

peak discharge of eight floods increased from 2.3% to 13.9%
ischarge and flood volume showed linear relationships with

(Du et al., 2012)

tion reduced by over 50%, peak flow increased by over 400%
in ISA for rural catchments have greater impact on floods than
existing urban area

(Miller et al., 2014)

ion exacerbated both the flood response and the total rainfall
bility of such extreme flood events increased on average by
imes in the period 25–30 August 2017 because of urbanization

(W. Zhang et al.,
2018)

awl spread to suburban areas resulted in more medium and
runoff counties
with top normalized average annual runoff depth value in
mainly influenced by high increases in urban land

(Chen et al., 2017)

noff increased by 11.3%, and baseflow declined by 11.2%
ated peak discharge increased 1.6–4.3% and flood volume
0.7–2.3%

(Zhou et al., 2013)

ff increased by10.4%, runoff volume increased by 12.2%
inundation area increased by 6.04%
ood hazard area is increased by 22.27%

(Zope et al., 2016)

noff increased by 89.7% (i.e., the trend is 1.85 mm/year), and
ted RC in 2010 increased by 0.13 compared to 1980
eijing is the detectable threshold
coefficients of surface runoff to precipitation and ISA are 0.97
espectively

This study
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drainage system in Beijing is complex as itwas designed by different de-
partments, and data regarding the drainage system are difficult to ob-
tain. Therefore, the hydrological effect modeling for urban growth
holds substantial uncertainties, and this study highlighted the potential
flooding risk rather than actual flooding conditions.

6. Conclusions

This study characterized a 36-year change in the ISA in Beijing using
Landsat data and identified the response of potentialflooding risk to the
urban growth based on a land-surface hydrological modeling technique
(i.e., VIC). The VIC modeling features the incorporation of dynamic land
cover changes (from multiple satellite remote sensing data) thereby
reflecting the effect of the increased ISA. According to the model evalu-
ation, the VIC modeling had an acceptable performance in reproducing
streamflowobservations (R N 0.8,NSEN 0.4). Based on the ISA extraction
and hydrological modeling, this study achieved a few interesting
conclusions:

(1) The ISA in Beijing increased from 1448.16 km2 (ISF = 8.73%) to
3685.92 km2 (ISF = 22.22%) during the period of 1980–2015,
which wasmainly due to land being transformed from cropland.
The current distribution of the ISA represents the northeast-
southwest urban growth pattern. Moreover, the urban growth
is primarily concentrated in the Extended-Zone and the
NewDev-Zone, with ISF increases of 33% and 21%, respectively.

(2) The urban dynamics obviously causes elevated runoff yields and
RCs across Beijing. In the Extended-Zone and the NewDev-Zone,
especially, the runoff yield increased at rates of 5.50 mm/year
and 3.04 mm/year, respectively. The spatial distributions of the
runoff yield and the RC were consistent with the ISA, indicating
the considerable contribution of urban growth to the potential
for flooding.

(3) An ISF threshold of approximately 6% is indicated for Beijing,
abovewhich urban growth is likely to promote runoff generation
at a rate of 5.51 mm/year along with each 1% increase in the ISF,
and below which the impact of urban growth was not linearly
correlated with runoff yield. Moreover, the zones with a high
ISF (Nthe threshold) in Beijing also have large variations in
daily runoff generation, indicating the complexity of flood fore-
casting.

(4) The progress of urban growth increases the potential risk of dev-
astating flooding under historical rainstorm event conditions.
Despite the spatial variability of rainfall events, the devastating
potential flooding risk is concentrated on the Core-Zone and
the Extended-Zone, however, the expanding potential flooding
risk is distributed in the Extended-Zone and the NewDev-Zone.

This studyhas limitations regarding the runoff generation on the ISA,
the runoff routing through ISAs, and the drainage system. These limita-
tions may have led to overestimations of the runoff yield and the flood
risk for Beijing. Despite the mentioned limitations and uncertainties,
this study characterized a 36-year ISA change in Beijing and provides
an evaluation of the potential flooding risk and the contribution of
urban growth during the period of 1980–2015. This provides a useful
reference for urban planning and sponge city construction in China
and worldwide. To obtain more detailed information regarding land
surface properties and to consider the water flux interaction between
adjacent grid cells, future studies can be dedicated to developing
finer-resolution modeling (e.g., b1 km).
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