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Abstract: Impervious surface (IS) is often recognized as the indicator of urban environmental
changes. Numerous research efforts have been devoted to studying its spatio-temporal dy-
namics and ecological effects, especially for the IS in Beijing metropolitan region. However,
most previous studies primarily considered the Beijing metropolitan region as a whole without
considering the differences and heterogeneity among the function zones. In this study, the
subpixel impervious surface results in Beijing within a time series (1991, 2001, 2005, 2011
and 2015) were extracted by means of the classification and regression tree (CART) model
combined with change detection models. Then based on the method of standard deviation
ellipse, Lorenz curve, contribution index (Cl) and landscape metrics, the spatio-temporal dy-
namics and variations of IS (1991, 2001, 2011 and 2015) in different function zones and dis-
tricts were analyzed. It is found that the total area of impervious surface in Beijing increased
dramatically during the study period, increasing about 144.18%. The deflection angle of major
axis of standard deviation ellipse decreased from 47.15° to 38.82°, indicating the major de-
velopment axis in Beijing gradually moved from northeast-southwest to north-south. Moreover,
the heterogeneity of impervious surface’s distribution among 16 districts weakened gradually,
but the CI values and landscape metrics in four function zones differed greatly. The urban
function extended zone (UFEZ), the main source of the growth of IS in Beijing, had the
highest CI values. Its lowest Cl value was 1.79 that is still much higher than the highest ClI
value in other function zones. The core function zone (CFZ), the traditional aggregation zone
of impervious surface, had the highest contagion index (CONTAG) values, but it contributed
less than UFEZ due to its small area. The Cl value of the new urban developed zone (NUDZ)
increased rapidly, and it increased from negative to positive and multiplied, becoming an
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important contributor to the rise of urban impervious surface. However, the ecological con-
servation zone (ECZ) had a constant negative contribution all the time, and its Cl value de-
creased gradually. Moreover, the landscape metrics and centroids of impervious surface in
different density classes differed greatly. The high-density impervious surface had a more
compact configuration and a greater impact on the eco-environment.

Keywords: impervious surface; landscape metrics; classification and regression tree (CART); function zones;
Lorenz curve; contribution index

1 Introduction

In 2014, the Chinese government released the National New-Type Urbanization Plan, which
notes that there have been 142 cities with a population more than one million and 10 cities
with a population of more than ten million. In addition, China’s urbanization rate is pre-
dicted to reach 60% by 2020 (Xinhua News Agency, 2014). The human activities in urban
area are the most intense, especially in metropolitan regions. With the rapid acceleration of
urban development, large numbers of natural surfaces have been replaced by anthropogenic
surfaces, such as asphalt roads and high buildings, which inevitably have resulted in various
effects on the eco-environment (Peng, 2008; Sun, 2013; Peng et al., 2016b). The dynamics
of urban underlying surface and its effects on eco-environment have received more and more
attention from the governments and researchers.

The impervious surface is usually defined as the collection of anthropogenic landforms
that water cannot directly infiltrate into, including rooftops, roads and parking lots (Chester
et al., 1996; Qiu et al., 2011). The dynamics of impervious surface impact urban regional
climate by altering the thermal environment and water quality (Brun and Band, 2000; Gillies
et al.,2003; Xie et al., 2009; Kuang et al., 2011; Fu and Weng, 2016), due to its characteris-
tics of strong capacity of heat storage and weak ability of evapotranspiration, which impede
the transmission of airflow (Nie, 2013). Impervious Surface Percentage (ISP) is the per-
centage of impervious surface area in a unit surface area (Gao et al., 2010; Zhang et al.,
2010; Song, 2014). It is a kind of continuous spatial data, which can be used to describe the
urban land use pattern comprehensively and accurately, revealing the urban landscape dy-
namics and change processes quantitatively. In addition, ISP is not susceptible to the change
of season, phenology and other external influences. Therefore, it has been recognized as a
key indicator in environmental assessment.

As China’s political, cultural center and international exchange center, as well as the sci-
ence and technology innovation center, Beijing has experienced a rapid urbanization process
in recent years, and has become one of the cities with the highest urbanization rate in north-
ern China. Currently, numerous research efforts have been devoted to quantifying the spa-
tio-temporal dynamics of impervious surface in Beijing and its ecological influences (Peng
et al., 2016a). Xiao et al. (2007) and Wang et al. (2014) adopted CART (Classification and
Regression Tree) and V-I-S (Vegetation-Impervious surface-Soil) model, respectively, to
retrieve the distribution of impervious surface in Beijing urban core area, and found that the
impervious surface areas increased rapidly each year. Moreover, the ratio of impervious sur-
face decreased from the urban core to the suburbs gradually, presenting a strong spatial gra-
dient. A long time-series spatial data of impervious surface and land surface temperature
(LST) in Beijing urban core area were retrieved from Landsat series data and land cover data
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by Cui et al. (2015) and Hao et al. (2015), respectively. It is reported that the impervious
surface in Beijing mainly extended along the ring roads. Besides, it is also found that there
was a close relationship between the ISP and LST, and the negative impact of impervious
surface on urban thermal environment was greater than the positive impact of vegetation.
However, most previous studies primarily considered Beijing metropolitan region as a whole
and focused on the impervious surface in major zones without considering the differences
and heterogeneity of impervious surface’s distribution among the function zones. As a result,
the development pattern and change process of impervious surface in Beijing cannot be in-
terpreted fully.

In addition, there are various shape characteristics and spatial arrangement features of
impervious surface in Beijing’s function zones, which are important for quantifying urban
sprawl and environment. These different characteristics and features can lead to the hetero-
geneity of impervious surface’s distribution (Zhou et al., 2011; Liu and Yang, 2015). There-
fore, it is necessary to quantify the landscape pattern of impervious surface accurately to
expound the dynamics of urban expansion. The integration of landscape ecology theory and
remote sensing technology can be quite useful for analyzing the spatial patterns and eco-
logical impacts of impervious surface at different scales. However, previous landscape stud-
ies about the impervious surface are mostly based on the “hard” classification results, few
researchers focused on the “soft” classification results, the subpixel impervious surface
(Peng et al., 2010; Zhang et al., 2015). The “soft” classification results of impervious sur-
face provide more realistic descriptions and information of urban landscape structure than
the “hard” classification results.

The subpixel impervious surface results in Beijing metropolitan region within a time se-
ries were retrieved from the CART and change detection models, and then the distribution
and spatio-temporal dynamics of impervious surface were analyzed. To clarify the role and
status of different function zones in Beijing, the spatio-temporal dynamics of impervious
surface in each function zone and district were discussed. Meanwhile, the contribution index
of each function zone was calculated. Through converting continuous ISP data to discrete
data of ISP density classes, the landscape metrics of impervious surface in each function
zone were further calculated, and then the landscape pattern of impervious surface was ana-
lyzed, which aims to provide relatively reliable decision bases for urban planning and man-
agement.

2 Study area and data
2.1 Study area

Beijing is situated in North China between 115.7°-117.4°E and 39.4°-41.6°N. The north-
west of the city with a higher terrain is surrounded by low mountains and hills, and the
southeast side with a flat terrain slopes to the Bohai Rim (Figure 1). It is characterized by a
typical continental monsoon climate with distinct seasons. Beijing has an area of 16412 km’,
of which, the area of major zones is 1369 km?. The population and urbanization rate of Bei-
jing increased rapidly in the past decades. The urbanization rate and the resident population
have reached 86.5% and 21.705 million by 2015, respectively. The urban population has
increased to 18.777 million. Overall, the process of urbanization in Beijing is accelerating.
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Figure 1 Location of the study area and its function zones

According to the government documents and The Master Plan For Beijing City
(2004-2020) released in 2005, the 16 districts of Beijing have been divided into four func-
tion zones (Figure 1), including: (1) core function zone (CFZ), which is the center of Beijing,
mainly characterized by the political, cultural and international exchange functions; (2) ur-
ban function extended zone (UFEZ), which is the important industrial cluster for economy,
education, modern services and tourism; (3) new urban development zone (NUDZ), which is
the agglomeration of high technology, modern manufacturing and agricultural industries,
and is also a major driver for Beijing’s future development; and (4) ecological conservation
zone (ECZ), which plays a significant role in protecting water resource and environment,
and serves as an ecological barrier for Beijing.

2.2 Data

Landsat 5 thematic mapping (TM) data acquired in 1991 (May 16), 2001 (May 19 and Au-
gust 31), 2005 (May 6 and November 14) and 2011 (June 8), together with Landsat 8 opera-
tional land imager (OLI) data acquired in 2015 (February 11 and September 7) were selected
as the main data source to retrieve ISP. All the above data are with a spatial resolution of 30
m. Moreover, a QuickBird image covering the major zones was used to collect the train-
ing/reference data for obtaining and assessing the mapping results of ISP in 2005. The
QuickBird image with a high resolution of 2.4 m was obtained on 5 July, 2005. The
DMSP/OLS and VIIRS/NPP data in 1992, 2001, 2005, 2011 and 2016 were collected simul-
taneously as auxiliary data for the simulation of impervious surface. All the data were geo-
metrically corrected and matched, and re-projected into the UTM/WGS 84 projection with a
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pixel size of 30 m by 30 m for all bands.

3 Methods
3.1 Retrieval of impervious surface

CART model is one of the commonly used methods for ISP retrieval. It is a decision tree
model conducting a binary recursive partitioning process, which can deal with mass,
nonlinear and high-dimensional data effectively. Furthermore, it allows both continuous and
discrete variables to be put into CART model, which is conducive to ISP retrieval at large
scales. Currently, impervious surface data retrieved by CART model has been added to the
US National Land Cover Database (Yang et al., 2003). Thus, the CART model was used to
obtain ISP data in Beijing in this study, and the process consists of several steps: (1) The
binary classification result of impervious surface was obtained from the QuickBird image by
means of unsupervised classification and recode, and then the training and reference data of
ISP over 30 mX30 m grids were derived from the classification result by means of
neighborhood block statistics; (2) the simulation model was built by using 7 spectral bands
of Landsat 5 TM, DMSP/OLS and VIIRS/NPP night light data as independent variables, the
ISP data derived from the QuickBird image as target variable, and then the mapping result of
ISP in 2005 was retrieved from the simulation model; and (3) based on the CART simulation
model and change detection models, the mapping results of ISP in 1991, 2001, 2011 and
2015 were derived from the Landsat data combined with ISP results in 2005. It should be
noted that we assumed the ISP always increases with urban sprawl in the modeling process,
since most urbanization processes are irreversible. Therefore, based on ISP result in 2005
and night light data in each year, the ISP data in high urbanization area were collected as the
sample data for other years.

The simulation model was evaluated by 10-fold cross-validation method. It means the
training data set was divided into 10 blocks of roughly equal size. For each block in turn, a
model is built from the data in the remaining blocks and tested using the holdout block
(Yang et al., 2003). The ISP result in 2005 was evaluated by the reference data derived from
the QuickBird image. Meanwhile, the ISP results in other years were assessed by the ISP
data in high urbanization area. The ISP data in high urbanization area were derived based on
ISP data in 2005 and night light data in each year (note the assumption that the ISP values of
high urbanization area changed little during 1991-2015). Besides, the high resolution images
of Google Earth were used as supplementary data for accuracy evaluation.

3.2 Standard deviation ellipse and Lorenz curve

Standard deviation ellipse analysis is one of the classical methods for analyzing directional
features of spatial distribution. The spatial pattern and dominant direction of spatial elements
can be measured well by the ellipse. To be specific, the aggregation of elements can be de-
scribed by the elliptic semi-axial length. The deflection angle of ellipse from the north is a
measurement of spatial predominant direction (Li et al., 2015). In order to determine the
spatial dynamics of ISP in Beijing, the standard deviation ellipses of ISP results were calcu-
lated. The formulas for the parameters in an ellipse are presented in the studies of David
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(1999) and Lauren et al. (2010).

The Lorenz curve was proposed by M. Lorenz for describing the inequality in distribu-
tion of wealth, land and income among social classes or other population units. The fre-
quency accumulation is commonly used to depict the inequality, and the equality or inequal-
ity in distribution of income can be demonstrated intuitively by Lorenz curve (Zhang et al.,
2007). In addition, the spatial density and heterogeneity of geographical elements can also
be depicted vividly by Lorenz curve (Yang et al., 2012). Therefore, the Lorenz curve was
used to analyze the spatial heterogeneity of ISP.

3.3 Contribution index

In order to quantify the roles of each function zone in Beijing, the contribution index of each
zone was calculated using Eq. (1)

CI = (ISP, — ISP)x (S; / S) (1)

where CI denotes the contribution index; ISPy and ISP denote the average ISP values of

each function zone and Beijing, respectively; and Sr and S denote the total area of each
function zone and Beijing, respectively.

3.4 Landscape metrics

To analyze the spatial characteristics and dynamics of impervious surface landscape, the
weighted centroid and landscape metrics of impervious surface were calculated. The
weighted centroid was used to measure the dynamics of impervious surface in different den-
sity classes, while landscape metrics were used to analyze the shape characteristics and spa-
tial arrangement features of impervious surface.

The contagion index (CONTAG) of landscape level was selected to analyze the aggrega-
tion of impervious surface landscape in Beijing metropolitan region. Higher CONTAG val-
ues indicate a more connected landscape, while lower values indicate less connected. The
patch density (PD) and landscape shape index (LSI) were selected to describe the spatial
fragmentation and shape complexity of impervious surface in different density classes. The
higher the PD and LSI values are, the more the fragmented and complex is the landscape
(Huang et al., 2012).

The impervious surface results in Beijing were divided into 5 density classes with an equal
interval. That is: low-density impervious surface (0<ISP<:0.2), medium low-density impervious
surface (0.2<ISP<:0.4), medium-density impervious surface (0.4<ISP<:0.6), medium high-den-

sity impervious surface (0.6<ISP<:0.8) and high-density impervious surface (0.8<ISP<:1.0).

4 Results
4.1 The spatial dynamics of impervious surface in Beijing

Evaluated by the ISP result derived from the high resolution image (i.e., QuickBird) in 2005,
the simulation model of 2005 has a good performance, and the average error (AE), relative
error (RE) and correlation coefficient (R) of ISP results are 12.8%, 0.39 and 0.86, respec-
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tively. The accuracies of simulated Table 1 Accuracies of simulated ISP results in different years
ISP results in other years (1991, 2001,

. Average Relative Correlation
2011 and 2015) are shown in Table 1. Year error (%) error coefficient
It can be seen that the AE value in
1991 10.40 043 0.73
each year was less than 14.5%, RE
2001 8.90 0.36 0.80
was less than 0.44, and R was larger
than 0.73 2011 8.60 0.44 0.76
The impervious surface in Beijing 2015 14.50 041 0.78

developed rapidly during 1991-2015

(Figure 2). The spatial pattern of impervious surface developed as a single core mode. From
1991 to 2015, there was a clear expansion of impervious surface area, spreading from CFZ
to NUDZ and continuously expanding. The NUDZ became a new aggregation center of im-
pervious surface in 2015, and the ISP values also increased dramatically.

(a) 1991 ‘ (b) 2001

(c) 2011 (d) 2015

Impervious surface percentage (%)

BT | [ [ Tl |

0-10 10-20 20-30 30-40 40-50 50-60 60-70 70-80 80-90 90-100 Water Administrative
body boundary

Figure 2 The spatial pattern of impervious surface percentage in Beijing in different years



676 Journal of Geographical Sciences

The total absolute values of area of imper-
vious surface in Beijing in 1991, 2001, 2011
and 2015 were 714.69 km®, 1109.65 km’,
1429.77 km* and 1745.13 km®, respectively,
increasing by about 144.18% from 1991 to
2015. At the same time, the average values of
ISP increased significantly, and Beijing ex-
perienced a rapid urbanization process during
1991-2015.

The size of standard deviation ellipse was
getting smaller from the year 1991 to 2015,
and meanwhile, the ellipse moved northward
gradually (Figure 3). The deflection angle of
major axis decreased from 47.15° in 1991 to
38.82°in 2015 (Table 2), indicating there was o

. L. [ Standard deviation ellipse in 1991
a tendency that the major development axis in =7 Standard deviation ellipse in 2001
Beijing moved from northeast-southwest to " Standard doviation ellives in 2015
north-south  gradually. However, north- [ Administrative boundary

east-southwest profile was still the main di- Figure 3 The spatial pattern evolution of impervi-
ous surface in Beijing from 1991 to 2015

rection of urban growth.
The semi-axial length of standard deviation ellipse also changed a lot from 1991 to 2015
(Figure 2 and Table 2). During 1991-2001, the semi-major axial length increased from 72.37
km to 73.34 km, and the semi-minor axial length decreased from 49.42 km to 46.88 km, in-
dicating the impervious surface’s distribution showed a weak discretization tendency in the
major axis and an aggregation tendency in the minor axis. During 2001-2015, the
semi-major axial length decreased from 73.34 km to 60.13 km, and the semi-minor axial
length continued to decrease from 46.88 km to 41.41 km, which demonstrates that both the
impervious surface in major axis and minor axis showed an aggregation tendency.

Table 2 The parameter values of standard deviation ellipses in different years

Year Deflection angle (°) Semi-major axial length (km) Semi-minor axial length (km)
1991 47.15 72.37 49.42
2001 43.79 73.34 46.88
2011 40.05 66.37 44.69
2015 38.82 60.13 4141

4.2 The spatial dynamics of impervious surface in different function zones

The spatial Lorenz curve of impervious surface was getting closer to the standard line from
1991 to 2015 (Figure 4), indicating the distribution of impervious surface among Beijing’s
16 districts became equal gradually. The UFEZ had the highest CI values and contributed the
most to the urban impervious surface (Figure 5). Its average ISP values were much higher
than those in Beijing. Besides, the CI value increased continually from 1991 to 2015. The
CFZ and NUDZ were important contributors to the rise of urban impervious surface. The
average ISP values of CFZ were the highest. However, CFZ contributed less than UFEZ
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owing to its small area, and its CI

values were stable and relatively low.

From 1991 to 2015, the CI value of
NUDZ increased from negative to
positive and multiplied. The role of
CFZ was replaced by NUDZ gradu-
ally. The ECZ had a constant nega-
tive contribution, and its CI value
decreased continually. It demon-
strates that although the total area of
impervious surface in ECZ increased,
the average ISP values in this zone
were much less than those in Beijing.
The CI values of different districts
and function zones differed greatly.
Chaoyang district located in UFEZ
had the highest CI value of 1.21 in
2015, and Pinggu district located in
ECZ had the lowest CI value of
—1.15 in 2015. In addition, the CI
values of different districts in the
same function zones also differed
greatly, except for the two districts in
CFZ. Yet the variation trend of CI

1.0

0.8

0.6

0.4

Cumulative percentage of impervious surface area (%)

02 —6— 1991 —=— 2001
—A— 2011 —e— 2015
— Standard line
0.0
0.2 0.4 0.6 0.8 1.0

Cumulative percentage of district area (%)

Figure 4 The spatial Lorenz curve in Beijing metropolitan
region in 1991, 2001, 2011 and 2015

The horizontal axis represents the cumulative percentage of area of
16 districts in Beijing, and the vertical axis represents the cumulative
percentage of the impervious surface proportion in each district. The
straight line in the middle is the “standard line”. The closer the spa-
tial Lorenz curve is to the standard line, the more equally distributed
is the impervious surface. On the contrary, a departure from the
standard line represents an inequality in the impervious surface’s
distribution.

values in districts was almost consistent with that in function zones.
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Figure 5 The contribution of each function zone and district to the growth of impervious surface in Beijing. The hori-
zontal axis represents the 16 districts and 4 function zones. DC represents Dongcheng district, XC represents Xicheng
district, HD represents Haidian district, CY represents Chaoyang district, FT represents Fengtai district, SIS represents
Shijingshan district, CP represents Changping district, SY represents Shunyi district, FS represents Fangshan district, TZ
represents Tongzhou district, DX represents Daxing district, HR represents Huairou district, PG represents Pinggu dis-
trict, MTG represents Mentougou district, MY represents Miyun district, and YQ represents Yanqing district.

4.3 The landscape pattern dynamics of impervious surface in function zones
4.3.1 The variations of centroid

CFZ is the traditional aggregation zone of impervious surface in Beijing (Figure 6). The
centroids of impervious surface in different density classes were mainly located in the area
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between Xicheng district in CFZ and Chaoyang district in UFEZ during the study period.
From 1991 to 2015, the landscape patches of high-density and medium-density impervious
surface developed fast in the northeast at early stage, and then developed rapidly in the
northern part, so the centroid tended to move to northeast at first and then to north. The cen-
troid of medium-high density impervious surface constantly moved to the northeast during
1991 to 2015. For the medium-low density impervious surface, its centroid moved to the
southwest during 1991 to 2001, then moved to the northeast during 2001 to 2011, and finally
moved to the northwest. The centroid migration trajectory of low-density impervious surface
showed a U-shaped pattern, and the centroid first moved to the south, then to the west and
finally to the north. Furthermore, it is found that the centroids’ movements during 2011 to
2015 were much larger than those during other periods, indicating there was an obviously
directional trend in urban development during this period. On the contrary, the centroids’
movements were the smallest during 2001 to 2011, thus, the urban area developed along
multi-directions.

High-density impervious surface

P

Medium high-denstity

impervious surface , ®

A

Medium low-density
impervious surface A

Low-density impervious surface

Medium-density ® * A
impervious surface
L @ Centroids in 2015
[ ] Administrative boundary @ Centroids in 2011
() 0 30 km Centroids in 2001
4 A Centroids in 1991 )

Figure 6 The migration of spatial centroids of impervious surface landscape in Beijing

4.3.2 The landscape metrics of impervious surface

The CONTAG values in CFZ were the highest in the four function zones in all the four years
(Table 3). It means the impervious surface landscape in CFZ was more connected and com-
pact than that in other zones. Besides, the landscape patches of impervious surface in both
NUDZ and ECZ developed fast. As a result, the gap of CONTAG values between these two
zones and UFEZ was narrowed. From 1991 to 2015, the CONTAG values in CFZ and UFEZ
decreased at first and then increased. However, unlike CFZ and UFEZ, the CONTAG values
in NUDZ and ECZ increased all the time, indicating that the spatial aggregation of impervi-
ous surface increased over time. The CONTAG values exhibited a slight variation in Beijing
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metropolitan region. In the whole ur- Table 3 The CONTAG values of each function zone and
banization process of Beijing, increas- Beijing in different years

ing the patches of impervious surface ~ve,r  crz  UFEZ  NUDZ = BCZ  Beijing

outwards was the main way of urban 1991 3175 2320 904 10.62 319

expansion in the early-developed stage.
. 2001 31.22 23.41 11.05 10.52 13.42
However, during the later developed

. . 2011 30.64 19.50 12.35 12.35 12.61
period, the main way of urban expan-

sion had changed to enhancing the 2015 3690 2417 16.03 19.96 1572
connectedness among patches.

The values of LSI and PD in both CFZ and UFEZ increased with the rise of ISP and then
decreased (Figures 7 and 8). This means as the ISP rose, the landscape structure and shape of
impervious surface became increasingly fragmented and irregular at first, and then became
less fragmented and less complex. In NUDZ and ECZ, the values of LSI and PD showed a

downtrend, indicating the fragmentation and complexity of impervious surface landscape

attenuated as the ISP rose. Besides, it is noticeable that in all function zones, the landscape
structure and shape of high-density impervious surface were much more compact and ag-
gregative than other types of impervious surface (note the landscape metrics of low-density
impervious surface were the lowest in CFZ due to its small area). The changing trend of LSI
and PD in Beijing metropolitan region was similar to that in NUDZ.

420 290 550
80 260 360 250 490
— 60 220 210 430
a 300 170 370
40 180 240 130 310
20 140 180 90 250
1 23 45 12345 12345 12345 1 23 45
CFZ UFEZ NUDZ ECZ Beijing

Figure 7 The LSI values of different impervious surface’s types in four function zones and Beijing in 2015

The number 1, 2, 3, 4 and 5 in the x-axis represent the low-density impervious surface, medium low-density im-
pervious surface, medium-density impervious surface, medium high-density impervious surface and high-density
impervious surface, respectively.

55 50
30 40 70
45 40
50
E20 30 25 20
10 20 25 30 20
0 10 15 10 10
1 23 45 123 45 1 23 45 12345 12345
CFZ UFEZ NUDZ ECZ Beijing

Figure 8 The PD values of different impervious surface’s types in four function zones and Beijing in 2015

5 Discussion
5.1 Expansion of impervious surface and contribution of function zones

The period 1991-2015 is a typical representation of the developed stage of urbanization in
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Beijing. The area and magnitude of impervious surface increased dramatically during this
period. Besides, the spatial pattern of impervious surface developed as a single core mode
with the impervious surface area expanding from CFZ to NUDZ gradually. These results
have been confirmed by many studies (e.g., Wang, 2014; Li et al., 2015; Wang et al., 2015).
However, most previous studies primarily focused on the spatio-temporal changes of imper-
vious surface in major zones without considering the differences and heterogeneity among
the function zones in Beijing (Kuang et al., 2014).

The distribution of impervious surface among function zones was getting more equal over
time. The function zones played different roles in the development of urban impervious sur-
face in Beijing metropolitan region, because of their differences in functions, areas and
landscapes. CFZ was the traditional aggregation zone of impervious surface in Beijing and
had the highest average ISP values among four zones. However, it only accounts for 8.5% of
the area of Beijing metropolitan region and developed earlier than other zones (Qiao ef al.,
2013; Wang, 2014). Thus, the area and magnitude of impervious surface in this zone
spanned a relatively small range. CFZ is the second main source of the rise of impervious
surface in Beijing. UFEZ has the highest CI values among the four zones, and its average
ISP values were also much higher than those in Beijing metropolitan region. As a result,
UFEZ played the most important role in the growth of impervious surface in Beijing. NUDZ
is a major driver for Beijing’s future development (State Council Letter [2005] No.2, 2005),
and its CI value increased from negative to positive and multiplied, turning to be one of the
main sources of the rise of impervious surface. With the economic development and popula-
tion growth, UFEZ and NUDZ will be the critical zones in the future developments of Bei-
jing metropolitan region. They are the important areas for industrial development and popu-
lation evacuation (Qiao and Tian, 2014). Therefore, more attention should be paid to these
two zones to keep the balance of eco-environments and economic development in the future.
Although the impervious surface in ECZ developed rapidly, the average ISP values of this
zone were much less than those in Beijing due to its high elevation and dense vegetation.
Thus, ECZ had a constant negative contribution, and the CI values also showed a decreasing
trend. ECZ plays an important role in protecting water resource and environment in Beijing,
and serves as the ecological barrier (Li et al., 2015). However, the absolute values of area of
impervious surface in this zone showed an increasing trend and the natural resources were
damaged continually, such as the reduction of forests, water areas and wetlands. In the fu-
ture developments, more attention should be paid to this zone so as to ensure a friendly eco-
logical function in Beijing.

5.2 Advantages and ecological implications of impervious surface’s landscape metrics
based on “soft” classifications

The landscape metrics are more sensitive to the changes of impervious surface derived from
the “soft” classifications than the “hard” classifications. The differences of CONTAG values
calculated from the “soft” classifications among four zones were greater than those calcu-
lated from the “hard” classifications, especially for NUDZ and ECZ (Table 4). Because the
small patches are preserved in the results of impervious surface derived from the “soft”
classifications, and the local features of landscape can be better reflected by these “soft”
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results (Zou et al., 2014).

Table 4 The comparisons of CONTAG values calculated from the “hard” classifications and “soft” classifica-
tions for different function zones in 2015

Classification method CFzZ UFEZ NUDZ ECZ
“soft” classifications 36.90 24.17 16.03 19.96
“hard” classifications 44.84 30.12 23.23 28.17

The pixel with its ISP retrieved from the “soft” classifications greater than 50% was regarded as the impervious sur-
face pixel of the “hard” classifications

At the landscape level, the CONTAG values in CFZ were the highest in the four function
zones, indicating the spatial aggregation of impervious surface in this zone was the strongest.
Besides, the CONTAG values in CFZ decreased at first and then increased. As the key area
in the development of Beijing, UFEZ played an important role in the rise of impervious sur-
face. There were two main ways for the growth of impervious surface in this zone. One was
increasing the patches of impervious surface outwards, and the other was enhancing the
connectedness among patches (Qiao and Tian, 2014). Thus, the spatial connectedness of
impervious surface in this zone also decreased at first and then increased. NUDZ and ECZ
were the major driver and ecological barrier for the developments of Beijing, respectively.
The only way for the growth of impervious surface in these zones was enhancing the con-
nectedness among landscape patches (Kuang et al., 2009). The CONTAG values in the two
zones both showed a decreasing trend over time. At the class level, as the ISP rose, the val-
ues of LSI and PD both in CFZ and UFEZ firstly increased and then decreased. It means the
landscape structure and shape of impervious surface became increasingly fragmented and
irregular at first, and then became less fragmented and less complex. In NUDZ and ECZ, the
values of LSI and PD showed a downtrend, indicating the fragmentation and complexity of
impervious surface landscape attenuated gradually as the ISP rose.

The spatial pattern of impervious surface is one of the important factors influencing the
urban ecosystem services, water and thermal environment (May et al., 1997; Xian, 2007,
Liu et al., 2013; Zhang et al., 2015). It has close relations with the water pollution and urban
heat island (UHI). The rapid growth of impervious surface may aggravate the deterioration
of water quality and UHI effects (Yuan and Bauer, 2007; Zhang et al., 2009; Zou et al.,
2014). In addition, the high-density impervious surface had the most compact configuration,
leading to a greater impact on the urban eco-environment than other types of impervious
surface. Therefore, more attention should be paid to the growth and spatial pattern of
high-density impervious surface to minimize its increase rate and aggregation.

6 Conclusions

The subpixel impervious surface results in Beijing metropolitan region within a time series
(1991, 2001, 2005, 2011 and 2015) were derived by means of classification and regression
tree (CART) model and change detection models. The spatio-temporal dynamics of imper-
vious surface (1991, 2001, 2011 and 2015) in different function zones and districts were
analyzed based on the method of standard deviation ellipse, Lorenz curve, contribution in-
dex (CI) and landscape metrics. The following conclusions can be obtained from this study.
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The landscape metrics are more sensitive to the changes of impervious surface derived
from the “soft” classifications than the “hard” classifications. This lays a foundation for
examining the impact of impervious surface’s distribution on eco-environments, and may
also offer new insights for exploring the quantitative relationships between impervious sur-
face and ecological factors.

The total area of impervious surface in Beijing grew rapidly during 1991-2015, increasing
by about 144.18%. The deflection angle of major axis of standard deviation ellipse de-
creased from 47.15° to 38.82°, indicating the major development axis in Beijing moved
from northeast-southwest to north-south gradually. Moreover, the heterogeneity of impervi-
ous surface’s distribution among Beijing’s 16 districts decreased, but the CI values and
landscape metrics in four function zones differed greatly. The urban function extended zone
(UFEZ) had the highest CI values and contributed the most to the growth of urban impervi-
ous surface. Its lowest CI value was 1.79 that is still much higher than the highest CI values
in other function zones. The core function zone (CFZ), the traditional aggregation zone of
impervious surface, had the highest CONTAG values. However, it contributed less than
UFEZ due to its small area. The CI value of the new urban developed zone (NUDZ) in-
creased from negative to positive and multiplied, becoming an important contributor to the
urban impervious surface. The ecological conservation zone (ECZ) had a constant negative
contribution, and the CI value decreased continually. In addition, the landscape metrics and
centroids of impervious surface in different density classes differed greatly. The LSI and PD
values of high-density impervious surface were the lowest among the five types of impervi-
ous surface. It means the high-density impervious surface had the most compact configura-
tion, leading to a greater impact on urban eco-environment than other types of impervious
surface in Beijing. The development pattern of high-density impervious surface should be
planned and controlled reasonably to minimize its increase rate and aggregation. Further-
more, more attention should be paid to the coordinated development between regional con-
struction and ecological protection to achieve sustainable development in Beijing.
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