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Abstract: The change of impervious surface area (ISA) can effectively reveal the gradual process of urbanization and act as a key index 

for monitoring urban expansion. Experiencing rapid growth of the built environment in the 2000s, urban expansion of Beijing has not 

been fully characterized through ISA. In this study, Landsat TM images of Beijing in 2001 and 2009 were obtained, and the eight-year 

urban expansion process in Beijing was analyzed using the ISA extracted by means of the vegetation-imperious surface-soil (V-I-S) 

model. From the spatial variation in ISA, the ring structure of urban expansion in Beijing was significant during the study period, with 

decreasing urban density from the city center to the periphery. In the ring road analysis, the most dramatic changes of ISA were found 

between the fifth ring and the sixth ring. This area has experienced the most new residential development, and is currently the main 

source of urban expansion. The typical profile lines revealed the directional characteristics of urban expansion. The east-west profile 

was the most urbanized axes in Beijing, while ISA change in the east-north profile was more significant than in the other five profiles. 

Moreover, the transition matrix of ISA levels revealed an increase in urban density in the low density built areas; the Moran′s I index 

showed a clear expansion of the central urban area, which spread contiguously; and the standard deviational ellipse indicated the north-

east was the dominant direction of urban expansion. These findings can provide important spatial control guidelines in the next round of 

national economic and social development planning, overall urban and rural planning, and land use planning. 
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1  Introduction 

Since the period of reform and opening up in the 1980s, 
all aspects of China′s economy and society have under-
gone considerable development, with urbanization in-
creasing at a dramatic rate. However, due to increased 
economic demand, the cities, and especially the large 
metropolitan areas, have experienced rapid expansion of 
the built environment, which has placed considerable 
stress on the natural environment (Liu et al., 2012). By the 
end of 2010, China had a population of nearly 1.4 × 109. In 

spite of its vast territory, the amount of land suitable 
for human inhabitation and meeting basic conditions 
for social development is quite limited. The population 
distribution is uneven, as about 46% of the population 
lives in cities where the main land use type is imper-
vious surface. Impervious surface has been an impor-
tant characteristic of urbanization (Li et al., 2013). At 
regional scale, the expansion of impervious surface 
damages the surrounding vegetation and profoundly 
influences the thermal environment and water ecosys-
tem in the city (Liu et al., 2010; Cai et al., 2012). Thus, 
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detecting landscape characteristics and associated ch-
anges in impervious surface area (ISA) has become an 
important objective in monitoring the dynamics of ur-
banization.  

Land use/land cover change research based on dis-
crete spatial data (i.e., remote sensing image pixels) has 
been the basic paradigm of research on the dynamics of 
urbanization. However, because each pixel can only 
represent one kind of land use type, discrete spatial im-
ages usually eliminate the characteristic of mixed land 
covers, thereby obscuring the gradual pace of ecological 
change in the process of urbanization (King et al., 2005; 
Peng et al., 2006). Extracted by means of the vegeta-
tion-imperious surface-soil (V-I-S) model, ISA is a kind 
of continuous spatial data, which can be used to com-
prehensively measure changes in land use intensity and 
magnitude in cities. As an important link between land-
scape pattern changes and the ecological effects in the 
process of urbanization, ISA can quantitatively reveal 
urban landscape dynamics and change gradients. Thus, 
ISA is an effective indicator for measuring urbanization 
and its ecological effects because it can effectively cou-
ple landscape patterns with ecological processes. 

ISA has already been widely used in estimating the 
spatial population distribution in residential areas, clas-
sifying land use and cover types, and recognizing urban 
environmental effects. In spatial population distribution 
studies, Wu and Murray (2005) built a correlation model 
between ISA and population data in Columbus using 
Cokriging model, with only –0.3% deviation. Lu et al. 
(2006) used ISA to estimate the population density in 
Marion (Indiana, USA), and found the linear regression 
model was applicable in cities where 25%–85% land 
were residential areas. In land use/land cover type clas-
sification studies, Rashed et al. (2001) divided the land-
scape of Cairo into such four parts as vegetation, impe-
rious surface, soil, and shadow using the decision tree, 
with the accuracy of 0.88. Phinn et al. (2002) adopted 
V-I-S model to classify the Landsat TM image in the 
southwest of Queensland, and verified the accuracy of 
V-I-S model was higher than traditional methods based 
on over 900 reference sample points on four transects. 
To detect the environmental effects of urbanization, 
Zhou and Xu (2007) mapped the ISA in Fuzhou City 
and found that the increase of ISA had a negative impact 
on urban environment. It was also reported that ISA 
change would lead to the change of spatio-temporal wa-

ter distribution, water quality and thus hydrological 
processes (Brabec, 2002; Jantz et al., 2005; Liu et al., 
2010; 2013). Xie et al. (2009; 2013) adopted sub-pixel 
decomposition method to quantify the impact of ISA 
and other landscape pattern factors on urban thermal 
environment. All the case studies revealed that ISA is 
certainly an effective indicator in detecting urbanization 
and its ecological effects. 

As the capital of China with urban area for nearly 
100 km2, Beijing is an inland city with hills and plain as 
the predominant landscape features. Since the founding 
of new China, Beijing has enjoyed unique political, in-
formation, technology, and talent advantages, which laid 
a strong foundation for social development and urban 
expansion. For decades, rapid growth of the built envi-
ronment has promoted economic development, while 
conversely economic development has also accelerated 
human demanding for new construction land. Today, the 
inner city of Beijing is extending to the Sixth Ring 
Road. The scarcity of land is increasingly becoming the 
limiting factor in the further development of Beijing. 
Moreover, because buildings and infrastructure occu-
pied so much land, there were few natural landscape 
patches with mixed patches for the majority (Qian et al., 
2015). This situation leaded to a variety of ecological 
problems. Focusing on the ISA in Beijing, Li et al. 
(2011) discussed the influence of data spatial resolution 
on ISA extraction. Xiao et al. (2007) revealed the rela-
tionship between ISA and land surface temperature in 
the inner city of Beijing; Yuan et al. (2009) analyzed 
spatial distribution of ISA; and Li et al. (2013) deter-
mined the driving factors in impervious surface forma-
tion. Nevertheless, the characteristics of Beijing′s urban 
expansion as revealed by ISA were still sketchy. Further 
analysis would be required for the application of ISA to 
guide the next round of urban planning and spatial con-
trol. Thus, in this study, two periods of Landsat TM 
images were obtained in order to extract ISA, to analyze 
the temporal variation of spatial patterns, and to deter-
mine the recent spatial trends in urban expansion in Bei-
jing. More specifically, the goals of this study were to 
measure ISA change from 2001 to 2009 in order to ver-
ify the ring structure of spatial variation, to identify di-
rectional characteristics of urban expansion based on 
typical profile line analysis, and to make clear spatial 
direction of urban expansion in Beijing using spatial 
statistical tools. 
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2  Materials and Methods 

2.1  Study area 
The total area of Beijing is 16 807.8 km2, with about 
160 km and 176 km for the distance from east to west, 
and from north to south, respectively. Mountainous area 
is about 10 417.5 km2, accounting for 62% of the total 
area. The elevation of the mountainous area varies con-
siderably, up to 2268 m. The plain area is about 6390.3 
km2, accounting for 38% of the total area. The elevation 
of the plain is less than 100 m, and the lowest elevation 
is only 6 m. The economic power of Beijing always 
ranks in the forefront of the country. Looking back at 
the economic development of Beijing from 2001 to 
2009, GDP growth has always maintained a high level 
of more than 10% per year. Compared with the 2001 
GDP of 2.818 × 1011 yuan (RMB), the 2009 GDP was 
four times larger. Compared with the 2001 per capita 
GDP of 2.53 × 104 yuan, the 2009 per capita GDP was 
three times larger. During 2001–2009, the total popula-
tion has grew fast from1.39 × 107 to 1.76 × 107, which 
showed a high rate of population growth in the rapid 
urbanization of Beijing. 

With the functional optimization and adjustment of 
Beijing, industrial activity spread to the suburbs, and it 
was gradually merged for the urbanization of the sub-
urbs and suburbanization of the inner city (Zhang and 
Su, 2009). The implementation of the Beijing Master 
Plan (2004–2020) has had a significant impact on the 
functional organization of Beijing. The industrial and 
commercial functions in the inner city have been weak-
ened, together with the strengthening of political and 
cultural functions. Therefore, the manufacturing indus-
try has gradually shifted from the central city to the 
suburbs. A large number of industrial enterprises have 
also relocated from the city center and they have been 
replaced by other businesses. The tertiary industry, 
which includes the service sector, is gradually becoming 
the leading industry of the inner city. At the same time, 
the suburbs are gradually becoming the heart of the in-
dustrial distribution. 

Beijing is made up of 16 administrative districts, with 
two in the inner city (Xicheng, and Dongcheng), four in 
the suburbs (Chaoyang, Haidian, Fengtai, and Shijing-
shan), and ten in the outer suburbs (Daxing, Tongzhou, 
Shunyi, Pinggu, Miyun, Huairou, Yanqing, Changping, 
Mentougou, and Fangshan). Since the Beijing Outline of 

the Eleventh Five-Year Program for National Economic 
and Social Development and the Beijing Master Plan 
(2004–2020) have been put into effect, Beijing has been 
divided into four functional zones (Fig. 1). These are the 
Core Function Zone (inner city), the Urban Function 
Extended Zone (Chaoyang, Fengtai, Haidian, and Shi-
jingshan), the New Urban Development Zone (Tong-
zhou, Daxing, Shunyi, Changping, and Fangshan), and 
the Ecological Conservation Zone (Pinggu, Miyun, 
Yanqing, Mentougou, and Huairou). 

2.2  Impervious surface area extraction 
In order to solve the mixed pixel problem, imperious 
surface detection on a sub-pixel level has been devel-
oped in recent years. The spectral mixing analysis 
method has been widely used (Ichoku and Karnieli, 
1996; Rashed et al., 2001). Based on the decomposition 
method, spectral mixing analysis can be divided into 
linear spectral mixture models (LSMM) and nonlinear 
models (Ichoku and Karnieli, 1996). Although the 
nonlinear models can better reduce the residual error 
and improve the accuracy of decomposition, they are 
more complex and hard to estimate accurately. LSMM 
has clear physical sense and is generally accepted as 
easy to handle, so it has become the most widely used 
model (Small, 2001; Small, 2002; Wu and Murray, 
2003; Wu, 2004; Lu and Weng, 2006; Kuang et al., 
2011; Liu et al., 2011; Wang et al., 2011). In LSMM, the 
composition selection was the key process, and V-I-S 
model provides the theoretical foundation for this com-
position selection process (Ridd et al., 1995). The basic 
formula of LSMM is: 

1

n

j i ij j
i

R f R e


        (1) 

0if  ;
1

1
n

i
i

f


    (2) 

where Rj represents the pixel reflectance in j spectrum; n 
is the total number of endmember; fi is the fraction of 
endmember i; Rij represents pixel reflectance in j spec-
trum for endmember i; and ej is error term of j spectrum. 

In this study, four Landsat TM images were downloaded 
from Geospatial Data Cloud (http://www.gscloud.cn/), 
with the date of 2001/08/31 and 2009/09/22. Then the 
V-I-S model was adopted to extract ISA. The V-I-S model 
considers urban surface as composed of vegetation,  
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Fig. 1  Four functional zones of study area 

 
impervious surface, and soil, with the three components 
in a mutually exclusive relationship on the remote sens-
ing image. Associating features of urban landscape with 
the spectral character of the components has become 
one of the main methods in urban remote sensing. The 
Minimum Noise Fraction (MNF) and Pixel Purity Index 
(PPI) were adopted from LSMM in ENVI 5.0. MNF is a 
widely used spectrum transformation method that can 
effectively eliminate the high correlation between dif-
ferent bands of the original image and improve the qual-
ity of endmember selection (Emma et al., 2003; Zhang 
et al., 2003). After MNF transformation, the image in-
formation is highly concentrated in the front three 
bands. In Beijing inner city, the percent of image infor-
mation in the front three bands was 97.52% in 2001 and 
97.68% in 2009, and in the first band, the percentages 
were 90.11% and 91.50%. Therefore, the front three 
bands can be used as the basic dimensions for endmem-
ber selection. 

Endmember selection can directly influence the 
model accuracy, and usually 3–4 endmembers are ap-
propriate (Small, 2004). Because the high albedo sur-
faces of concrete and sand have similar reflectance vec-
tors with soil endmember, we composed them as sub-
strate endmember and determined three endmembers, 

namely the dark surface endmember, the vegetation 
endmember, and substrate endmember. Then we sup-
posed the substrate endmember was all in cities and 
towns. PPI was adopted to define the purity of pixels 
(Yue, 2009). In this study, the iteration upper limit was 
set as 15 000, the threshold was 2.5, and the iteration of 
PPI more than 20 was adopted. 

Considering that bodies of water and shadow are of-
ten misclassified in extracting ISA, methods of elimi-
nating water and vegetation shade by mask were needed 
to correct the results of the initial analysis. In this study, 
the water mask was extracted by New Water Index 
(NWI), which mixed band 7 in TM (Ding, 2009). The 
vegetation shade was extracted by Normalized Differ-
ence Umbra Index (NDUI), which mixed the saturation 
and lightness (Zhou et al., 2011). It was found that 
NDVI > 0.1 and NDUI > 0.4 can effectively eliminate 
the low albedo components in the shadow. 

To detect the validity and accuracy of the ISA in this 
study, mean residual and root mean square error 
(RMSE) were adopted to analyze the model error: 
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where RMSE is the root mean square error which illus-
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trated the distance of residual deviates from the average 
value; εin is the residual of pixel i in band n; and m is the 
number of pixel. 

3  Results 

3.1  Impervious surface area change in districts 
In Beijing, the average ISA across districts increased 
from 24.44% in 2001 to 29.28% in 2009 (Fig. 2). The 
spatial pattern of ISA appeared as a ring structure with 
decreasing density from inner city to outer suburbs. In 
terms of different land use types, the higher value of ISA 
(64%–100%) corresponded to built-up areas, with a mean 
value of 86%. The lower value of ISA corresponded to 
the cultivated land, forest land, and grassland. The lowest 
values (0–18%) were found in forest land, with a mean 
value of 13%. From 2001 to 2009, the ISA increased for 
all land use types. The ISA in green areas increased the 
most at 5.24% (from 38.15% to 43.38%). 

At the district scale, the ISA in different functional 
zones varied widely but had strong consistency in the 
same zone (Table 1). Due to the highly dense construc-
tion, the ISA in the Core Function Zone was obviously 
higher than the surrounding area. In 2001 and 2009, it 
reached 82.04% and 81.30% respectively. Nevertheless, 
the ISA growth showed a negative trend of –0.74% due 
to a shift in the core city function. Over the eight-year 
period, some built-up areas for traditional industry and  

logistics were abandoned, reducing the total built-up 
area by 4.51 km2. At the same time, the ancient capital′s 
ecological outlook was improved as the green space in 
the inner city expanded by 3.27 km2. As the high tech 
industry base and education center, the Urban Function 
Extended Zone had relatively high ISA overall. All the 
ISA in the four districts of this zone were higher than 
43% in 2001 and higher than 52% in 2009. In Chaoyang 
in particular, the ISA reached 54.06% in 2001 and 
66.87% in 2009, with an increase of 12.81%. The ISA in 
Shijingshan grew the slowest because population growth 
was relatively low in this district. In the New Urban 
Development Zone, the ISA ranged from 24.02% to 
41.63%. The highest ISA was in Tongzhou, which 
reached 37.37% in 2001 and 41.63% in 2009. In terms 
of growth, Tongzhou and Changping were the most ac-
tive, with an increase of more than 4.2% in each district, 
and Shunyi grew the slowest. The ISA change in this 
zone was the effect of urban expansion and a resulting 
decrease in vegetation. As the ecological boundary and 
environmentally friendly industrial base of Beijing, the 
Ecological Conservation Zone had low ISA that ranged 
from 13.81% to 24.75%. In Pinggu, the ISA reached 
18.81% in 2001 and 24.75% in 2009, which is the high-
est among districts in this zone. Mentougou increased 
the slowest at only 1.24%. Apart from urban expansion, 
forest decline was also a driving factor in increasing 
ISA. 

 

Fig. 2  Impervious surface area (ISA) change in Beijing during 2001–2009 
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3.2  Impervious surface area change in ring roads 
The ring road is a key framework of the urban transpor-
tation network in Beijing, and five ring roads have been 
constructed to keep pace with the rapid urban expansion 
(Fig. 3). On the one hand, the ring roads have helped to 
balance space requirements, mitigating the single cen-
ter polarization phenomenon. One the other hand, the 
close proximity of the ring roads has further concen-
trated the urban built environment, which has gradually 
extended from the inner city outward. Thus, character-
izing the spatial pattern of ISA in the areas between the 
ring roads is helpful in describing the urban expansion 
in Beijing. 

Analysis of ISA in the areas between the ring roads 
showed a decrease in the density of the built environ-
ment but an increasing rate of new construction from 
inner city to outer suburbs (Table 2). The ISA was 
higher than 82% inside the second ring, higher than 79%  

in the second to third ring, and higher than 76% in the 
third to fourth ring. In terms of ISA change, the dynamic 
was relatively steady inside the fourth ring, which re-
vealed that highly urbanized space had been stable in 
the scale of construction and focused on functional op-
timization rather than urban expansion. The negative 
ISA growth inside the third ring reflected the relocation 
of traditional industry and the promotion of green areas. 
The most dramatic ISA change happened in the outer 
rings, with a growth of 7.34% between the fourth and 
fifth ring and 11.87% between the fifth and sixth ring. 
This region was the interface between the Urban Func-
tion Extended Zone and New Urban Development Zone 
(Fig. 1) with many large residential clusters, where the 
most significant urban expansion had taken place. The 
ISA was relatively low outside the sixth ring, but the 
growth was 4.20%. The active growth was due to the 
new urban development in the suburbs. 

 

Table 1  Change in impervious surface area from 2001 to 2009 

Functional zone Name 
Mean impervious 

surface area in 
2001 (%) 

Standard deviation 
of impervious 
surface area in 

2001 

Mean impervious 
surface area in 

2009 (%) 

Standard deviation 
of impervious 

surface area in 2009 

Growth of mean 
impervious  

surface area (%)

Core function zone Inner city 82.04 0.1735 81.30 0.1623 –0.74 

Chaoyang 54.06 0.3403 66.87 0.2738 12.81 

Fengtai 53.78 0.3326 62.26 0.2855 8.48 

Haidian 43.89 0.3340 52.05 0.2879 8.16 
Urban function extended zone 

Shijingshan 50.04 0.3388 55.55 0.3125 5.51 

Tongzhou 37.37 0.2062 41.63 0.2869 4.26 

Daxing 35.11 0.1958 38.01 0.2926 2.90 

Shunyi 36.65 0.2053 38.55 0.2746 1.90 

Changping 27.20 0.2139 31.70 0.2659 4.50 

New urban development zone 

Fangshan 24.02 0.1887 26.51 0.2404 2.49 

Pinggu 18.81 0.1725 24.75 0.2039 5.94 

Miyun 15.70 0.1531 22.97 0.1937 7.27 

Yanqing 15.16 0.1254 21.65 0.1631 6.49 

Huairou 13.81 0.1332 20.19 0.1568 6.38 

Ecological conservation zone 

Mentougou 15.32 0.1163 16.56 0.1535 1.24 

 

Table 2  Variation of impervious surface area based on ring road 

Ring 
Mean impervious 

surface area in 2001 
(%) 

Standard deviation of 
impervious surface area 

in 2001 

Mean impervious 
surface area in 2009 

(%) 

Standard deviation of 
impervious surface 

area in 2009 

Growth of mean  
impervious surface area 

(%)  

Inside second ring 82.97 0.1504 82.13 0.1454 –0.84 

Second to third ring 79.78 0.2021 79.43 0.1804 –0.35 

Third to fourth ring 76.14 0.2577 76.99 0.2147 0.85 

Fourth to fifth ring 61.19 0.3110 68.53 0.2653 7.34 

Fifth to sixth ring 41.80 0.2792 53.67 0.3063 11.87 

Outside sixth ring 20.22 0.1721 24.42 0.2091 4.20 
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Fig. 3  Ring roads of Beijing (second to sixth)   

 

Fig. 4  Typical profile lines in Beijing 

3.3  Impervious surface area change in profile 
lines 
In the Beijing Master Plan (2004–2020), the city could 
be portrayed as two axes, two belts, and several centers. 
In order to detect the pixel differences in ISA, six typi-
cal profile lines were adopted to cover the axes and 
belts, as well as to connect the centers (Fig. 4). The 
width of the profile line was 120m.The east-west profile 
was the extension line of Chang′an Street. Its western 
starting point was Yongding Town in Mentougou, and 
the east endpoint was the new urban development area 

in Tongzhou. The south-north profile was the central 
axis of Beijing across the Imperial Palace. The south 
starting point was Daxing and the north endpoint was 
Xiaotangshan Town in Changping. The east-north pro-
file and east-south profile were in the eastern develop-
ment belt. The west-north profile and west-south profile 
were in the western development belt. The ends of the 
four profiles were Miyun, Yongdian Town in Tongzhou, 
Nankou Town in Changping, and the new urban devel-
opment area in Fangshan, respectively. 

As it ran through the main political and economic 
function zone of Beijing, the east-west profile was the 
earliest and most highly developed city axis. Except for 
the suburb of Yongding Town in Mentougou, the Shi-
jingshan Forest Park, and the Chaoyang Park, the ISA in 
most of the pixels was higher than 65%. For the fluctua-
tion of the east-west profile, the degree of change on the 
eastern side was far higher than on the western side, and 
the middle section from Haidian to Chaoyang was stable 
(Fig. 5). The Dingfuzhuang residential cluster in Chao-
yang varied the most at nearly 15% on average. The 
south-north profile was a major corridor between the 
ancient capital and modern city. The profile showed a 
typical parabolic shape which fluctuated more sharply 
than the east-west profile. In the south, the construc-
tion land increased fast due to the rapid development 
of Nanyuan residential cluster and the new urban de-
velopment area in Daxing, with an average growth of 
25%. In the north, the construction of the Olympic 
Sports Center and the development of Qinghe and 
Beiyuan residential cluster raised the average growth 
to 12%. 

The trend lines in the east-north profile and east- 
south profile were roughly the same, where the ISA 
gradually reduced from inner city to Miyun and Tong-
zhou, respectively (Fig. 6). In the east-north profile, the 
ISA in most pixels grew significantly, except in the in-
ner city. In the Jiuxianqiao residential cluster in Chaoy-
ang, the Capital International Airport group in Shunyi, 
and the new urban development area in Huairou and 
Miyun, the growth was 13%–30%. In the east-south 
profile, the ISA in the new urban development area in 
Yizhuang and Yongle grew 8%–25%. The axis from 
Yizhuang to Yongle constituted a major corridor con-
necting Beijing and Tianjin City, which became a core 
section of ISA growth. 
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Fig. 5  Variation of impervious surface area in east-west profile and south-north profile 
 

The west-north profile revealed a trend from a de-
cline to an increase (Fig. 7). From the inner city to the 
Beiyuan residential cluster, the ISA was greater than 
60% on average. Moving further north, the ISA dropped 
for the mixed land use type in the suburban belt between 
Haidian and Changping. However, the ISA at the north 
end of the profile in Changping was higher than most of 
the ISA in Haidian. The fastest growth was in the 
northwest of Haidian with a range of 9%–16%. The ISA 
in the west-south profile experienced a clear increase 
between Fengtai and Liangxiang Town in Fangshan,  

with an average growth of 10%–30%. Fengtai is located 
between the fourth and fifth ring road and was one of 
the key sections for inner city expansion. Liangxiang 
Town was the core part of the new urban development 
area in Fangshan and the infrastructure for industry in-
creased considerably from 2001 to 2009. 

4  Discussion 

4.1  Quantifying urban expansion 
In order to recognize the main characteristics of urban 
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expansion, spatial statistical analysis was needed to 
examine the spatial and temporal patterns of ISA 
change. Seven levels of ISA were reclassified with 
15%, 30%, 45%, 60%, 75%, and 85% as the intervals 
to form a transition matrix (Table 3). Compared with 
the land use map, it had been found that the area of 
45% level was most close to the area of construction 
land. Thus, ISA > 45% were set as urban built-up 
area. In concrete terms, Moran′s I index was adopted 
to analyze the spatial agglomeration of the urban 
built-up environment. Then Median Center and Stan-

dard Deviational Ellipse were utilized to determine 
the spatial trends in built-up area. These algorithms 
were implemented with the Spatial Statistics Tools in 
ArcGIS 10.2. As the transition matrix showed, 29.40% 
of the pixel levels increased and 18.25% of them de-
creased. The other 52.35% pixel levels remained un-
changed. Overall, there was a visible upward trend in 
ISA level. A large number of pixels at the level of 
medium to high changed to very high level, which 
showed that many of the lower density built-up areas 
continued to increase. 

 

Fig. 6  Variation of impervious surface area in east-north profile and east-south profile 
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Fig. 7  Variation of impervious surface area in west-north profile and west-south profile 
 
Table 3  Impervious surface area level transition matrix (km2) 

       2001 
2009 

Very low Low Relatively low Medium Relatively high High Very high 

Very low 877.75 1240.75 208.16 16.63 4.64 14.37 15.19 

Low 2075.37 6338.62 708.67 64.85 18.57 58.75 43.29 

Relatively low 202.30 663.37 568.12 120.38 23.06 83.08 63.53 

Medium 33.67 124.37 153.67 83.87 16.65 44.02 34.45 

Relatively high 15.07 65.30 48.06 21.97 12.74 26.41 20.35 

High 48.83 184.70 159.01 51.33 21.69 133.39 120.38 

Very high 82.13 259.09 203.96 71.48 30.41 230.67 437.19 

 

Due to spatial interaction and diffusion of geographi-
cal processes, the geographical data may not be inde-
pendent, but interrelated. Moran′s I, as a classic spatial 
autocorrelation algorithm, can effectively identify the 

high-low agglomeration relationship on space (Xie et 
al., 2013). At the town scale in 2001 and 2009 (Fig. 8), 
the low-low agglomeration samples were both 44, but 
the amount decreased in the north and increased in the  
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Fig. 8  Spatial autocorrelation change of ISA at town level in Beijing during 2001–2009 
 

west. The high-high agglomeration samples were 47 in 
2001 but increased to 59 in 2009, forming a more con-
centrated spatial pattern in the center of Beijing. This 
trend indicated that the main urban area expanded con-
siderably in a contiguous sprawl pattern. However, the 
agglomeration only expresses relative change, not the 
absolute value. As the ISA levels mostly increased in 
2009, the new low-low agglomeration might not mean a 
decrease in ISA in 2009, but an increase of the ISA in 
surrounding samples that flattened the difference. Like-
wise, in the background of an overall increase in ISA, 
the new high-high agglomeration should not be ascribed 
to a decrease in the inner city, but it could more likely 
be due to a rapid increase of ISA in the suburbs. 

In order to determine the direction of urban expan-
sion, the median center and standard deviational ellipse 
of the urban built-up area were calculated (Fig. 9). The 
Median Center tool was a measure of central tendency, 
which identified the location that minimized travel from 
it to all other features in the dataset, and could be used 
as a feature distribution measurement. The Standard 
Deviational Ellipse tool created a new feature class 
containing an elliptical polygon centered on the mean 
center for all features that could be used to detect the 
feature dispersion and directional trends. When the fea-
tures were densest in the center and became less dense 
toward the periphery, one standard deviation would en-
compass approximately 68% of all input features. The 
result showed that the median center in 2009 was 3 km 
northeast of the median center in 2001. This indicated 

that ISA increased more rapidly in the northeast than in 
the southwest. In the standard deviational ellipses, the 
major axis pointed toward the northeast, and the most 
significant expansion from 2001 to 2009 was along this 
axis. This indicated that the northeast was the main di-
rection of urban growth, driven by new construction in 
the east, north, and northeast. In this area, Chaoyang 
became the newly developed financial district, and 
Tongzhou and Shunyi became new centers of urban de-
velopment. These districts enjoyed the opportunity pol-
icy and had substantial resources at their disposal for 
modernization. Construction projects such as the capital 
airport, Olympic venues, and the high-speed road built in 
Shunyi accounted for part of the increase in ISA in this 
direction. In contrast, the southwest elliptic boundary 
barely moved from 2001 to 2009, suggesting that urban 
expansion in the southwest was relatively negligible. 

4.2  Uncertainty and future research directions 
As the accuracy evaluation shown (Table 4), except for 
the suburb of 2001, which had a mean residual of 0.039, 
the other mean residuals were all below 0.03. The over-
all accuracy of the compositions from V-I-S model was 
high. Especially in the suburb of 2009, the mean resid-
ual was 0.021 and RMSE was 0.012. The other RMSEs 
were between 0.014 and 0.026, which is lower than the 
0.32–1.40 of RMSE for Beijing′s ISA in another pub-
lished study (Yuan et al., 2009). Moreover, it was found 
that the high residuals were usually distributed in the 
built-up areas. Because urban landscape had strong  
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Fig. 9  Median center and standard deviational ellipse of urban built-up area from 2001 to 2009 

 
Table 4  Mean residual and root mean square error (RMSE) 
from V-I-S model 

Image Pixel number Mean residual Root mean square error

Inner city of 2001 2 493 789 0.025 0.021 

Inner city of 2009 2 493 789 0.024 0.018 

Suburb of 2001 15 754 832 0.039 0.026 

Suburb of 2009 15 754 832 0.021 0.012 

Outer suburbs of 2001 19 199 320 0.027 0.017 

Outer suburbs of 2009 19 199 320 0.028 0.015 

 
spatial heterogeneity and complex surface cover, it was 
hard to extract pixels of ideal purity. In spite of the 
built-up areas, 99% of the residuals were less than 0.05 
with a spatially random distribution. Finally, the overall 
RMSE was 0.029, which also indicated to a credible 
result. 

In the process of endmember selection in this study, 
pure pixels of vegetation were most common and easiest 
to extract; pure pixels of soil were less common but easy 
to distinguish; low albedo surface was easily mixed with 
river; and high albedo surface was uncommon. The rea-
son there were few high albedo surface pixels was that 

tall buildings with high albedo materials were discon-
tinuous and occupied only a small area. As a result, 
these pixels could not be regarded as pure. Moreover, as 
the high albedo pixel was similar in spectrum character-
istics to clouds, the choice was made more cautiously. 
The conservative endmember selection might lead to 
deviations from the typical spectral curve. In future 
studies, it is necessary to update the data source and al-
gorithm for a higher accuracy of ISA extraction in the 
urban built environment (Li et al., 2011; Michishita et 
al., 2012).  

Recognizing the mechanisms of urban expansion 
process from different driving forces and quantifying the 
negative effects on urban environment from impervious 
surface increase are two important directions in analyz-
ing urban problems with the application of ISA. On the 
one hand, based on the quantitative measurements of 
natural indexes such as roads, rivers, and elevation, 
there is a key direction for a next-step study for how to 
characterize the relationship among various human ac-
tivity factors such as landscape planning, economic de-
velopment, and residents′ demands. On the other hand, 
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although some progresses have been achieved in inves-
tigating the relationship between impervious surface and 
urban heat environment (Li et al., 2012; Qiao et al., 
2013; Quan et al., 2014), the correlations with other 
environmental indicators still need to be further studied. 
Paying attention to the relationship between the envi-
ronmental indicators of water quality, air quality, and 
vegetation growth, and the impervious surface is an ef-
fective way to understand the evolving ecological im-
pact of urban development. Thus, apart from urban 
landscape patterns formation, urban expansion proc-
esses, and driving forces of impervious surface change, 
there exists a key field to clarify the ecological effects 
due to urbanization with dramatic changes in landscape 
patterns. 

5  Conclusions 

ISA change can reveal the gradual spatial patterns asso-
ciated with urbanization, which is a key indicator for 
evaluating urban expansion. In this study, V-I-S model 
was adopted to extract the ISA in Beijing from 2001 to 
2009. Based on the temporal and spatial dynamic analy-
sis of ISA, it was determined that the urban expansion 
process in Beijing had the following characteristics: 

(1) The urban expansion in Beijing exhibited a rec-
ognizable ring structure, with decreasing urban density 
from the center to the periphery. In the Core Function 
Zone, with the adjustment and optimization of industrial 
structure, the ISA level experienced a slight decrease. In 
the Urban Function Extended Zone, the ISA level in 
Haidian, Chaoyang, and Fengtai increased significantly. 
In the New Urban Development Zone, the ISA in Tong-
zhou and Daxing was high and increased considerably. 
In the Ecological Conservation Zone, the ISA level was 
relatively low but the growth was also significant. 

(2) The temporal and spatial dynamics were also dis-
tinctive in the ring road analysis. The ISA levels inside 
the fourth ring were generally stable, while the most 
dramatic growth occurred between the fourth ring and 
the sixth ring, especially in the fifth to sixth ring area. 
This region was the interface between Urban Function 
Extended Zone and New Urban Development Zone with 
many large residential clusters. The ISA level transition 
matrix also showed many of the lower density built-up 
areas continued to increase in density. As many of the 
lower density built-up areas could be found between the 

fourth ring and the sixth ring in 2001, the result indi-
cated that this ring area was currently the main source of 
urban expansion. 

(3) The typical profile analysis on urban spatial 
structure at the pixel level showed the east-west profile 
was the most urbanized axis. As the extension of the 
central axis of Beijing, the south-north profile had high 
ISA levels, with a more dramatic rate of growth in the 
south than in the north. The east-north profile, 
east-south profile, west-north profile, and west-south 
profile were the principle connection axes for the new 
urban development area, where the city expanded con-
siderably. ISA growth in the east-north profile was most 
significant, which could be confirmed by the median 
center and standard deviational ellipse of the built-up 
area. Thus, it was found that from 2001 to 2009, the 
main direction of urban expansion in Beijing was 
northeast. 
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