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Abstract Artificial surfaces, characterized with intensive land-use changes and complex landscape structures, are important
indicators of human impacts on terrestrial ecosystems. Without high-resolution land-cover data at continental scale, it is hard to
evaluate the impacts of urbanization on regional climate, ecosystem processes and global environment. This study constructed
a hierarchical classification system for artificial surfaces, promoted a remote sensing method to retrieve subpixel components
of artificial surfaces from 30-m resolution satellite imageries (GlobeLand30) and developed a series of data products of
high-precision urban built-up areas including impervious surface and vegetation cover in Asia in 2010. Our assessment, based
on multisource data and expert knowledge, showed that the overall accuracy of classification was 90.79%. The mean relative
error for the impervious surface components of cities was 0.87. The local error of the extracted information was closely related
to the heterogeneity of urban buildings and vegetation in different climate zones. According to our results, the urban built-up
area was 18.18×104 km2, accounting for 0.59% of the total land surface areas in Asia; urban impervious surfaces were
11.65×104 km2, accounting for 64.09% of the total urban built-up area in Asia. Vegetation and bare soils accounted for 34.56%
of the urban built-up areas. There were three gradients: a concentrated distribution, a scattered distribution and an indeterminate distribution from east to west in terms of spatial pattern of urban impervious surfaces. China, India and Japan ranked as
the top three countries with the largest impervious surface areas, which respectively accounted for 32.77%, 16.10% and
11.93% of the urban impervious surface area of Asia. We found the proportions of impervious surface and vegetation cover
within urban built-up areas were closely related to the economic development degree of the country and regional climate environment. Built-up areas in developed countries had relatively low impervious surface and high public green vegetation cover,
with 50–60% urban impervious surfaces in Japan, South Korea and Singapore. In comparison, the proportion of urban impervious surfaces in developing countries is approaching or exceeding 80% in Asia. In general, the composition and spatial patterns of built-up areas reflected population aggregation and economic development level as well as their impacts on the health
of the environment in the sub-watershed.
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1. Introduction
The impacts of human activities on ecological, environmental and climatic systems at local and regional scales are
intensive and extensive (Messerli et al., 2000; Zhang et al.,
2008; Lu, 2014). The strategic framework of Future Earth
(www.futureearth.org) emphasizes global sustainable research, focuses on the observation, interpretation, understanding and prediction of the driving forces and processes
that govern the dynamics of biogeochemical, environmental
and social systems of the earth. One of challenges is to find
a way to shape and build healthy, flexible and efficient cities through the improvement of urban environments and the
reduction of urban footprints on resource consumption
(www.futureearth.org). Land-use and land-cover changes
directly reflect the impact of human activities on the terrestrial environment at regional to global scales (Zhang et al.,
2012, 2014). For example, land-use and land-cover changes
affect biogeophysical and biogeochemical processes, the
surface radiation energy balance, carbon budget and even
surface water circulation (Sterling et al., 2013; Boysen et
al., 2014; Zhang et al., 2014; Yan et al., 2015). An increase
in the impervious surface area will affect local and regional
climates, aggravate the effect of urban heat islands and
bring pollution to water environments (Arnold and Gibbons,
1996; Grimmond, 2007; Grimm et al., 2008; Bierwagen et
al., 2010; Zhao et al., 2014; Kuang et al., 2015a, 2015b;
Yan et al., 2016).
Built-up areas and impervious surfaces are important indicators of the degree of development and urbanization level of a city. Elvidge et al. (2007) used nighttime light index
data from the Defense Meteorological Satellite Program
Operational Linescan System (DMSP-OLS) to develop
1-km impervious surfaces data for the built-up land of the
world. They estimated that the global impervious surface
area in 2000 was 57.97×104 km2, accounting for 0.43% of
the world’s total land surface area. Schneider et al. (2009)
extracted the urban areas using 500-m resolution Moderate
Resolution Imaging Spectroradiometer (MODIS) data from
2001 to 2002 and assessed the global urban land area to be
65.70×104 km2. The U.S. Geological Survey (USGS) used
Landsat Thematic Mapper (TM) data to develop a 30-m
resolution national impervious surface dataset based on a
national land-cover database (Yang et al., 2003; Xian and
Homer, 2010). Based on a dataset of land-use and landcover changes in China, Kuang et al. (2013) used the

MODIS normalized difference vegetation index (NDVI)
and DMSP-OLS data to develop a settlement index to monitor the changes in urban expansion and impervious surface
areas in an eight-year period in the early 21st century (Lu et
al., 2008; Kuang, 2012a, 2012b; Kuang et al., 2013). Medium spatial-resolution remote sensing images (e.g., Landsat TM, HJ-1A/1B, etc.) were mainly used to monitor impervious surface areas in urban agglomerations or specific
urban zones (Zhang et al., 2015a).
Although a number of researchers have estimated that
urban land areas account for 1–3% of the total land surface
area (Liu Z F et al., 2014), the percentage of the total global
land surface occupied by urban land is still not clear. Because of inconsistencies in the definitions of the scientific
concepts and classification systems, and differences in data
sources and methods, previous studies presented relatively
large differences in urban land classification results. When
using remote sensing images to monitor land-use and landcover changes, the 30-m resolution Landsat TM/enhanced
TM (ETM+) images are considered the optimal scale for
landscape studies (Liu J Y et al., 2010, 2014; Chen et al.,
2014a, 2014b, 2015). While considering the internal landcover composition in urban areas, even a 30-m spatial resolution cannot avoid mixed pixels (Lu et al., 2014a; Kuang et
al., 2014; Zhang et al., 2015b). Based on 30-m-resolution
Landsat TM/ETM+ images, Kuang et al. (2013, 2014)
evaluated the differences in the spatiotemporal characteristics of the impervious surface areas in six mega cities in
China and the USA. They found that the proportions of impervious surface areas fell in the range of 60–83% in the
Chinese cities, and in the range of 45–78% in the U.S. cities. Another study has shown that the urban landscapes in
the USA are mostly embedded with impervious surfaces
and trees (Nowak and Greenfield, 2012). Therefore, using
500-m-resolution MODIS remote sensing images to map an
urban area will reduce the precision of the urban land classification estimation of urban areas.
In 2009, China took the lead in high-precision remote
sensing mapping of the global land surface and developed
the first 30-m-resolution global surface cover product
(GlobeLand30) using Landsat TM and HJ-1A remote sensing data. The overall classification accuracy of 10 cases of
global Level I surface cover type was over 80%, and user
precision of the artificial surface cover classification was
86.7% (Cao et al., 2014; Chen et al., 2014b, 2015; Liao et
al., 2014). In current studies, effective remote sensing
detection methods for artificial surface cover and high-
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precision artificial surface cover products are crucial for
further studies in the urbanization effects on regional climate, ecological system processes and global environmental
change. There are three basic remote sensing classification
methods for urban impervious surfaces: man-machine interactive interpretation, the application of spectral characteristics and the application of models (Slonecker et al.,
2001). In recent years, important progress has been made in
the research on developing new technical methods for extracting urban impervious surface information. The main
methods include the pixel-by-pixel image classification
method (Hodgson et al., 2003), the neural network method
(Hu and Weng, 2009), the regression tree models (Yang et
al., 2003; Xian and Crane, 2005) and the mixed pixel decomposition method (Lu and Weng, 2004; Zhang et al.,
2015a). Those methods have been successfully used at city,
urban agglomeration and national scales (Lu et al., 2014a;
Yan et al., 2016). Therefore, it is highly feasible and realistic to expand the remote sensing classification of artificial
cover surface and urban impervious surface components to
the intercontinental scale through the fusion of multisource
remote sensing data and integration of the aforementioned
key technical methods.
Compared with other regions in the world, Asia is undergoing rapid urban population concentration and urban
sprawl. Asia’s urban population in 2010 accounted for 43%
of the global urban population and is expected to reach 63%
by 2050, forming a region with extremely large cities and
urban agglomerations with populations in the tens of millions. Over the past 30 years, the urbanization process in
Asia has been accelerating, which has resulted in a series of
environmental problems such as urban air pollution, flooding, drought and aggravated heat island effects. Therefore,
this study aimed to propose a concept model of the internal
structures of cities, design a surface hierarchical structure
classification system, improve the classification techniques
for artificial surface extraction, and identify urban built-up
areas in Asia using multisource remote sensing data based
on GobeLand30 data. Moreover, we studied the spatiotemporal relationship between economy and urban land structure in different countries. The research results can provide
important information for the construction of healthy living
environments and sustainable development strategies for
Asian cities, and the implementation of the One Belt and
One Road initiative.

2 Data sources and study methods
2.1

Study area and dataset

Asia was chosen as the study area (Figure 1), and 48 countries were investigated, including five countries in East Asia
(China, Japan, North Korea, South Korea and Mongolia), 11
countries in Southeast Asia (e.g., Vietnam, the Philippines,
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Singapore), 17 countries in South Asia (e.g. India, Bangladesh, Indonesia), five countries in Central Asia (Kazakhstan, Kyrgyzstan, Tajikistan, Uzbekistan and Turkmenistan)
and 17 countries in West Asia (e.g. Afghanistan, Iran, Iraq).
Asia has a total land area of 3072×104 km2 and accounts for
one-fifth of the total global land area. Because Russia
stretches over the European and Asian continents, and its
population and property are mostly concentrated in the
western region, Russia was not included in the study area.
The data sources mainly included the 2010 GlobeLand30
30-m global surface cover map (www.globeland30.org), the
European Space Agency (ESA) global land-cover dataset
for 2008–2012 (http://maps.elie.ucl.ac.be), the 2010
MODIS NDVI 16-d 250-m synthetic data, the 2010 1-km
DMSP-OLS nighttime light index data (http://ngdc.noaa.
gov/eog/dmsp/downloadV4composites.html) and the 2010
Landsat TM images downloaded from the USGS website
(http://glovis.usgs.gov/). The sub-watershed distribution
data was obtained from the watershed boundaries extracted
from the 1-km USGS digital elevation model. Regional data
included the 1:100000 vector data of the land-use and
land-cover conditions of China in 2010. The verification
samples were obtained from high-resolution image data for
2010 downloaded from Google Earth. The details of data
sources are shown in Table 1.
2.2

Definition of the classification system

To scientifically measure the spatiotemporal range and distribution characteristics of artificial surfaces, we created a
three-level classification system that included the following
components: artificial surface cover; urban built-up area and
its internal components (impervious surface area, green
space, water, etc.). Artificial surface cover refers to artificial
ecosystems composed of biological and non-biological environments in urban and rural construction land, industrial
land and mining land. They include town, rural residential
buildings, independent industrial land and vegetation and
water bodies within the basic mapping unit. In detail, urban
built-up areas include the following cover types: impervious
surface, water body, vegetation and bare soils; impervious
surface areas are primarily composed of building roofs, cement and asphalt roads, marble squares and concrete. Impervious surface is the main land-cover type in urban
built-up areas (Kuang, 2012b, 2012c; Kuang et al., 2014; Lu
et al., 2014b; Liu Z F et al., 2014). Urban green space is the
main type of urban vegetation, and significantly seasonal
differences are observed in certain temperate and cold
zones, with vegetation flourishing in summer and withering
in winter. After the vegetation has withered, the surface area
covered by vegetation is displayed as bare soil in images.
Because of the seasonal aspect of Landsat TM and HJ-1A
images, this study classified highly mixed vegetation and
bare soil as urban vegetation, which primarily includes
lawn, trees and a small amount of bare soil (Figure 2).
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Figure 1

Table 1

Distribution map of the study area.

Detailed information for the data sources

Data type

Basic Data

Name

Resolution and data type

Data source

GlobeLand30

30-m-resolution raster
data

www.globeland30.org

MODIS NDVI

250-m-resolution synthetic raster data of 16
days

http://modis.gsfc.nasa.gov/

DMSP-OLS

1-km-resolution raster
data

http://ngdc.noaa.gov

ESA’s global
land-cover data

300-m-resolution raster
data

http://maps.elie.ucl.ac.be

Landsat TM

30-m-resolution rectified images

http://glovis.usgs.gov/

Ancillary data

Current situation of
land use/cover in
China
Sub-watershed
boundaries

Reference data

Google Earth

2.3
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Function
To obtain 30-m-resolution Level I data on artificial
surface cover and accurately determine urban and
rural boundary information
To classify information on internal structures of
cities and reflect the conditions of the urban green
lawn and tree components
To classify information on internal structures of
cities and reflect the urban boundary distribution
and the conditions of impervious surface components of cities
To calibrate the urban boundary information and
obtain urban vegetation and water information
from GlobeLand30
To obtain higher-precision data on the impervious
surface and green space components of typical cities and correct the 250-m-resolution data of the
impervious surface and green space components

Institute of Geographic Sciences
To obtain artificial surface cover level-type segmenand Natural Resources Research,
tation thresholds and determine urban boundaries
Chinese Academy of Sciences
To analyze the level of the proportion of impervious
Vector boundaries
http://webgis.wr.usgs.gov
surfaces in each sub-watershed in Asia
To evaluate data precision and high-precision image
High-resolution rectified
http://google-earth.en.softonic.com/ sources in the areas of classification accuracy and
images
component proportion error
30-m-resolution raster
data

Remote sensing image classification

A fine subclass classification of artificial surface cover is
needed to perform scientific spatial measurements and meet
the monitoring requirements of urban surface structures and

ecological regulations. GlobeLand30 has 10 types at Level
I, in which artificial cover mainly includes urban built-up
areas (excluding urban vegetation, water bodies and bare
soil), rural residential land and lands for traffic, industry and
mining construction. In reality, the pixels in 30-m cell size
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Schematic diagram for the artificial land cover classification system and the internal component structures of the urban built-up area.

often contain impervious surface, vegetation and bare soil at
proportions ranging from 0 to 100%—no impervious surfaces to completely be covered by impervious surfaces
(Figure 2). Therefore, the 30-m spatial range of artificial
cover on urban land, extracted directly from the
GlobeLand30 product, is smaller than the range of urban
built-up area but larger than that of urban impervious surface area. Thus, this study was conducted to perform a fine
classification of artificial surface cover, which is specifically divided into four steps: (1) obtaining complete information on artificial cover at a 30-m resolution based on the
multisource data fusion method; (2) correcting the artificial
cover boundary information with expert knowledge through
comparisons of the corrected Landsat TM and HJ-1A images for 2010; (3) conducting pixel unmixing for the 30-m
resolution information; (4) obtaining the fine classification
results for artificial cover through spatial operations. Figures 2 and 3 illustrate the technical process.
Step 1: multisource data fusion. The GlobeLand30 product is subjected to data-formatting conversion, projection
transformation and map combination. The ESA 300-m
land-cover data (ESR GLC300), the MODIS NDVI 250-m
data and the DMSP-OLS 1-km data are subjected to formatting conversion and projection transformation. The grid
format is used for all data processing. The World Geodetic
System 84 projection is used for mapping. Spatial opera-

tions and statistical analysis for the area correspond to the
Albers equal-area conic projection of the central median of
each country. The 30-m Level I artificial surface cover type
and the ESR GLC300 urban land type are extracted. Using
ESR GLC300 as the spatial mask based on a pixel setting of
30-m, the total factor types of the GlobeLand30 product are
extracted. Within the urban and rural construction land area,
the forestlands and grasslands are used to represent the vegetation cover; the water bodies are used to represent the
water bodies; and all other cover types are classified as other types. The 30-m resolution artificial surface cover extracted from the GlobeLand30 product is further merged
with the ESR GLC300-masked vegetation, water bodies and
other cover types to generate boundary information of the
urban and rural constructions.
The MODIS NDVI 250-m data and DMSP-OLS 1-km
data are used to produce the 250-m building density (BD)
index based on the following equation:
BD 

(1  NDVImax )  OLSnor
,
(1  OLSnor )  NDVImax  OLSnor  NDVImax

(1)

where BD represents the building density index, NDVImax
represents the maximum value in annual MODIS NDVI and
OLSnor represents the normalized light index (0–1) (Lu et
al., 2008; Kuang, 2012a; Kuang et al., 2013).
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Flowchart of artificial land cover classification based on multisource data fusion.

The city boundary information, which was created from
MODIS NDVI 250-m data, DMSP-OLS 1-km data and urban land types in ESR GLC300 are merged with the
GlobeLand30 mask information, and this is followed by a
spatial analysis to generate the 30-m resolution dataset for
urban and rural construction land using multisource data
fusion.
Step 2: revision of classification results using expert
knowledge. The 30-m dataset of urban and rural construction land in Asia is converted to a vector format. Segmentation is performed based on the threshold value of polygon
areas: polygons with an area bigger than 10 km2 are classified as cities. City boundaries are extracted and other cover
types are finally classified as rural land-use type. The classification results are revised using the ArcGIS interface
based on expert knowledge. This is followed by comparing
the results with the Landsat TM and HJ-1A images of 2010,
consulting information on the point distribution of cities and
traversing the spatial information on all the urban and rural
construction lands.
Step 3: decomposition of mixed pixels. The mixed pixels
and pure pixels of impervious surface and vegetation are
generated using the revised city boundary information

(GlobeLand30-Urban) and the GlobeLand30 product. The
relationship between impervious surface obtained from decomposition of mixed pixels and the 250-m BD is established to obtain the proportion of urban impervious surface
areas in mixed pixels.
Step 4: obtaining the accurate fine classification results
of the subclass information in cities. The proportions of
impervious surfaces (0–100) with 30-m spatial resolution
decomposed from mixed pixels are used in the final
(GlobeLand30-Impervious) mapping results. A spatial
summation is applied to the vegetation information decomposed from mixed pixels and the full urban vegetation cover
information generated from the classification (100%) is
used to generate the final (GlobeLand30-Urban vegetation)
mapping results (Figure 4).
2.4

Evaluation of classification results

The classification accuracy assessment in this research includes the evaluation of pixel-level classification results and
the proportion of impervious surfaces or vegetation within
the spatial distribution area. The classification accuracy
assessment was conducted in two aspects: (1) overall accu-
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Figure 4 Fine classification results for artificial surface covers in Beijing, as an example. (a1) 30-m resolution information on artificial surface cover; (a2)
250-m resolution information on the proportion of urban impervious surfaces; (b1) 30-m resolution information on forestlands and grasslands; (b2) 250-m
resolution information on the proportion of urban vegetation areas; (c1) 30-m resolution information on water bodies; (c2) 250-m resolution information on
proportion of urban water areas.
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racy, producer’s accuracy and user’s accuracy for the pixel-level classification of the urban built-up areas and (2)
correlation coefficients (R2) and mean relative errors
(MREs) of internal components within the city. The classification results were verified using Google Earth images for
2010 using the hierarchical random sampling method. To
reduce errors from image registration, a 3×3 (750 m×750
m) pixel window was used for each sampling point, and
finely corrected high-resolution images were both manually
interpreted by experts and digitally interpreted to obtain
information for the verification samples. A total of 2725
samples were obtained from various countries in Asia. The
digitized proportions of impervious surfaces, vegetation,
bare soils and water bodies were visually interpreted, and
results were used to represent the true ground verification
values (Figure 5).
The MRE value is used to evaluate the extracted impervious surface and vegetation components from each pixel
based on the following equation:

Figure 5
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 | xi  yi | 

yi 
i 1
MRE  
,
n
n



(2)

where MRE represents the mean relative error; xi and yi
represent the proportion of impervious surfaces from
high-resolution images and ground-sampled components
extracted from the 3×3 pixel, respectively; and n represents
the number of samples.
2.5

Method of analyzing distribution characteristics

To scientifically measure and map the artificial surface distribution pattern of Asia and compare the different artificial
cover distribution characteristics within the continent, the
distribution characteristics were analyzed at three scales:
Asian continent scale, country scale and sub-watershed
scale. The distribution intensity index of the artificial surface in a watershed is defined as follows:

The distribution of sampling points and sampling scheme used to assess the classification accuracy of urban built-up areas.
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 m

WIS(  )index    P , n  A , n  / S 100%,
 n 1




(3)

where WIS(β)index represents the index of the impervious
surfaces in the βth sub-watershed; Pβ,n and Aβ,n represent the
proportion of impervious surfaces and the pixel area in the
nth grid unit and in the βth sub-watershed, respectively; mβ
represents the total number of pixels of the βth
sub-watershed; and Sβ represents the total area of the βth
sub-watershed. Results shown that different proportions of
impervious surfaces in watershed have different impacts on
watershed aquatic ecosystems (Table 2).

3. Results and analysis
3.1

Analysis of the classification accuracy

Two methods were used to evaluate the accuracy of the
classification results for the hierarchical structures of cities
and the results are summarized in Table 3. Compared to
using data from GlobeLand30, the use of fine classification
and expert knowledge improved classification accuracy by
4.54%. The user’s and producer’s accuracies of the vegetation and bare soil components are 88.56% and 87.58%, respectively. The water bodies have the highest classification
accuracy of over 95%. Impervious surface components are
dominant urban surface cover, and the values for R2 and
MRE are both 0.87, indicating relatively high overall accu-

Table 2
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racy of the urban built-up area and its internal components,
meeting the requirements of comparative analysis of urban
surface cover patterns and the detection of internal urban
structures (Kuang et al., 2013, 2015c) (Table 3).
The classification results of urban surfaces show that the
overall accuracy is closely related to the climate zone, the
economic development level and city size of a country. The
classification of urban surfaces indicates that urban impervious surfaces are mainly composed of buildings, roads and
squares. The main types of vegetation and bare soils include
green spaces in the parks, productive plantations and roads
inside a city. Urban vegetation in the temperate and
cold-temperate zones in North Asia exhibits significant
seasonal characteristics, including fallen leaves, withered
vegetation and bare soils in winter and spring, green vegetation in summer and autumn. In addition, relatively large
differences are observed in the phenophase among regions
at different latitudes. The Landsat TM and HJ-1A images
were acquired at different dates, resulting in a large difference in the classification results, especially among different
countries. This result is mainly attributed to two issues: (1)
it is difficult to differentiate the underlying surface of a city
from deserts and bare soil in arid or semiarid climate zones,
which may result in an overestimation or underestimation of
the density of impervious surface components; (2) high and
large canopies significantly shade urban buildings in cities
in tropical and subtropical zones, which may result in an
underestimation of the density of impervious surface com-

Impacts of impervious surfaces on watershed aquatic ecosystemsa)
Proportion of impervious surfaces in watershed
< 1%
1–5%
5–10%
10–25%
> 25%

Impact on watershed aquatic ecosystem
None, excluded from impact features
Slight
Moderate
Severe
Significant

a) Arnold and Gibbons (1996); Bierwagen et al. (2010); Kuang (2012a); Kuang et al. (2013).

Table 3

Accuracy assessment of the urban built-up area and internal componentsa)

Main countries

Number of samples

China
India
Japan
Kazakhstan
South Korea
Pakistan
Uzbekistan
Indonesia
Other countries
Total

1615
283
161
126
66
65
51
48
310
2725

Overall accuracy
Urban vegetation and bare soil
(%)
UA
PA
91.33
89.47
88.14
90.11
88.56
87.17
86.96
86.71
84.91
90.48
90.18
88.21
90.91
90.33
90.38
89.23
87.62
87.99
88.24
89.03
88.08
85.42
86.67
86.22
90.00
88.46
87.1
90.79
88.56
87.58

Internal components of a city
Urban water bodies
Impervious surface components
UA
PA
R2
MRE
96.88
96.44
0.91
0.73
95.89
95.38
0.84
0.95
93.9
92.91
0.88
0.86
97.65
96.52
0.89
0.79
97.82
98.9
0.9
0.81
94.87
96.28
0.86
0.91
96.41
96.38
0.85
0.88
93.84
94.34
0.86
0.73
95.79
95.3
0.88
0.9
95.89
95.83
0.87
0.87

a) UA, user’s accuracy (%); PA, producer’s accuracy (%); R2, determination of coefficient; MRE, mean relative error.
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ponents. To address these issues, we conducted a long-term
typical experimental study and field measurements in cities
in China, including Urumqi, Beijing, Guangzhou and
Shanghai, and comparatively analyzed the 0.61-m aerial
images, synthesized ortho-images and 2.1-m high-resolution
Ziyuan-3 satellite images of the aforementioned cities, and
identified the calibration coefficients (Kuang, 2012a, 2012c;
Kuang et al., 2013, 2015c).
3.2

Analysis of surface cover spatial distribution

The results show that urban built-up area in Asia is
18.18×104 km2, accounting for 0.59% of the total land surface area of Asia (Figure 6 and Table 4). Based on the
structural components within built-up areas, impervious
surfaces and vegetation are the main land-cover types in
cities in Asia, and water bodies and other land-cover types
occupy small proportions. The total urban impervious surface is 11.65×104 km2, accounting for 0.38% of the total
land surface area and 64.09% of the total urban built-up
area in Asia. Vegetation and bare soils have an area of
6.28×104 km2, accounting for 34.56% of the total urban
built-up area in Asia. Water bodies and other land-cover
types have areas of 1872.05 km2 and 586.5 km2, respectively, accounting for 1.03% and 0.32% of the total urban
built-up area in Asia, respectively.
In terms of countries’ distribution in Asia, China has the
largest impervious surface area (3.65×104 km2) inside the
urban built-up areas, accounting for 32.77% of the total
impervious surface area of Asia; followed by India and Japan with areas of 1.79×104 km2 and 1.33×104 km2, accounting for 16.10% and 11.93% respectively. Considering
the economy of each country in Asia, the urbanization level
in developed countries (e.g., Japan, South Korea, Singapore) and developing countries (e.g., China, India) are different. Relatively large differences are observed in the distribution and proportion of impervious surfaces among different cities. Taking the distribution intensity of impervious
surfaces in the capital of each country as an example, the
overall distribution range of impervious surface area in Tokyo, Seoul and Singapore City is wider than the overall distribution range in the capitals of developing countries, such
as Tehran, Islamabad and Baghdad. In addition, a statistical
analysis of the proportions of urban impervious surface area
shows that among the developed countries, the impervious
surface areas of Singapore, Japan and South Korea account
for 17.12%, 4.88% and 3.56% of the total land area, respectively. However, among the developing countries, the impervious surface areas of China and India only account for
0.39% and 0.57% of the total land area, respectively. The
significant difference in the distribution of urban impervious surfaces among countries with different development
levels is closely related to the urbanization level, population
scale and industrial structure of each country.
The spatial distribution of urban impervious surface in-
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tensity in Asia implies that the intensity and proportion of
impervious surfaces in Asia exhibit a significantly decreasing trend along three gradient levels from east to west. The
first gradient level covers the eastern region of Asia and
includes Japan, South Korea and the coastal cities of Eastern China, which have a relatively high intensity of impervious surfaces and exhibit significantly agglomerated distribution characteristics; moreover, the impervious surface
area in the coastal cities of Eastern China has the highest
proportion and intensity index, and the impervious surfaces
in the urban agglomerations mainly exhibit continuous distribution characteristics (Kuang et al., 2013, 2014). The
second gradient level covers the central region of Asia,
which typically includes the western region of Xinjiang in
China, the five countries of Central Asia, India and so on,
whose urban impervious surface coverage exhibits scattered
distribution characteristics over a wide range, and this distribution is closely related to the scattered distribution of
central cities. The third gradient level covers the western
region of Asia and includes the countries in the Arabian
Peninsula. The intensity index of urban impervious surfaces
in the western region of Asia is insignificant, which is
closely related to the climate, terrain, landform distributions
and sparse population of the peninsula region.
In terms of the internal land-cover component structure
within a city, the spatial structure of each surface component is affected by various factors, including natural conditions, urban planning, urban function distribution and urban
development levels. The information in Figure 6 and the
above analysis reveal that large differences occur in the
internal land-cover structure among cities in Asian countries, and these differences are primarily due to differences
in the proportions of urban impervious surfaces, vegetation,
water bodies and other land-use types. Figure 7 indicates
that the spatial distribution of urban impervious surface
structures in Asia exhibits a basic pattern in which the proportion of urban impervious surfaces in each country is relatively large, whereas the proportions of vegetation, bare
soil, water bodies and other land-use types are relatively
small and are similar between different countries. The proportions of impervious surface area and vegetation in cities
in Central Asian countries (e.g., India, Kazakhstan, Pakistan) are larger than those in cities in East Asian countries
(e.g., Japan, China, The Philippines, Singapore), while the
proportions of impervious surfaces and vegetation area in
the West Asian countries in dry regions (e.g., Israel, Jordan,
Turkey, Oman, Yemen) are lower than those in Central and
East Asian countries. Based on a statistical analysis of the
internal land-cover structural components in Asia, the
land-cover structure of a city is largely affected by the
economy and development level of the country. In cities
with a relatively developed economy, the proportion of urban impervious surfaces is 50–60% (e.g., Korea, Singapore). Japan’s and China’s proportions are above 60%.
However, in countries with a relatively low urbanization
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Urban land-cover structures in Asian countriesa)

Sub-regions

Country
China
Japan
South Korea
North Korea
Mongolia
Thailand
Malaysia
Vietnam
Myanmar
Indonesia
The Philippines
Cambodia
Singapore
Laos
East Timor
Brunei
India
Pakistan
Bangladesh
Sri Lanka
Nepal
Bhutan
Maldives

East Asia

Southeast Asia

South Asia

Central Asia

West Asia

Impervious surfaces
Area
Prop.
(km²)
(%)
36525.81
0.39
13292.03
3.56
4839.52
4.88
460.21
0.38
315.88
0.02
2992.75
0.58
2985.38
0.91
1420.36
0.43
712.98
0.11
5371.66
0.28
294.28
0.10
191.57
0.11
101.67
17.12
48.75
0.02
9.41
0.06
42.69
0.74
17946.69
0.57
4880.12
0.01
522.10
0.38
438.21
0.66
54.36
0.04
42.15
0.09
0.69
0.23

Vegetation and bare soils
Area
Prop.
(km²)
(%)
20526.93
0.22
7778.68
2.10
3261.94
3.33
418.61
0.35
69.72
0.00
3138.1
0.62
1972.96
0.60
614.78
0.19
385.52
0.06
4926.61
0.26
285.3
0.10
128.17
0.07
109.76
18.66
38.7
0.02
11.63
0.08
27.12
0.47
3820.99
0.12
961.27
0.01
148.94
0.11
127.92
0.19
16.32
0.01
23.71
0.05
0.32
0.11

Urban water
Area
Prop.
(km²)
(%)
664.89
0.01
347.24
0.09
52.56
0.05
9.44
0.01
4.53
0.00
55.51
0.01
24.28
0.01
18.42
0.01
11.99
0.00
111.15
0.01
2.81
0.00
1.32
0.00
5.65
0.95
1.25
0.00
0.27
0.00
0.66
0.01
239.65
0.01
18.08
0.00
7.58
0.01
3.5
0.01
1.17
0.00
0.71
0.00
0.02
0.01

Built-up area
Area
Prop.
(km²)
(%)
57924.97
0.62
21496.52
5.75
8186.97
8.26
892.49
0.73
390.83
0.02
6218.06
1.21
5002.55
1.52
2059.77
0.63
1114.38
0.17
10409.42
0.55
585.27
0.20
322.35
0.18
218.19
36.73
89.09
0.04
21.43
0.14
71.28
1.24
22045.93
0.70
5869.18
0.02
680.12
0.50
570.92
0.86
72.01
0.05
66.91
0.15
1.04
0.35

Kazakhstan

8069.48

0.30

2021.67

0.08

43.11

0.00

10154.68

0.38

Uzbekistan

3539.20

0.82

1528.01

0.36

48.19

0.01

5130.83

1.18

Turkmenistan

1599.15

0.33

1473.6

0.30

17.05

0.00

3104.68

0.63

Kyrgyzstan

1082.24

0.54

779.12

0.39

16.01

0.01

1885.24

0.95

Tajikistan

587.09

0.41

505.07

0.36

12.39

0.01

1109.65

0.78

Iran

1692.82

0.10

1890.32

0.12

24.02

0.00

3626.25

0.22

Turkey

1108.09

0.14

1072.13

0.14

24.95

0.00

2216

0.28

Saudi Arabia

793.07

0.04

736.55

0.04

13.49

0.00

1550.55

0.08

Iraq

782.13

0.18

749.64

0.17

14.23

0.00

1553.57

0.36

Georgia

631.55

0.90

565.52

0.82

11.58

0.02

1214.36

1.74

Azerbaijan

579.58

0.67

546.29

0.64

10.26

0.01

1141.65

1.32

Israel

450.26

2.05

515.64

2.37

10.76

0.05

981.87

4.47

Armenia

418.95

1.41

392.76

1.34

10.25

0.03

825.93

2.78

Afghanistan

415.35

0.06

140.58

0.02

6.63

0.00

563.98

0.09

Syria

278.67

0.15

201.86

0.11

3.81

0.00

486.38

0.26

Kuwait
United Arab Emirates
Jordan

258.08

1.49

247.15

1.44

5.1

0.03

512.83

2.96

180.65

0.26

96.89

0.14

3.71

0.01

282.23

0.40

119.62

0.13

138.48

0.16

2.52

0.00

262.02

0.29

Lebanon

99.91

0.99

91.58

0.91

2.41

0.02

194.83

1.92

Total

Qatar

78.65

0.69

87.88

0.78

2.13

0.02

169.55

1.49

Cyprus

73.61

0.82

79.07

0.89

2.41

0.03

155.89

1.73

Yemen

56.56

0.01

81.69

0.02

1.66

0.00

140.74

0.03

Bahrain

32.91

4.89

28.24

4.24

0.76

0.11

62.2

9.24

Oman

21.43

0.01

28.74

0.01

0.8

0.00

51.26

0.02

Pakistan

66.40

0.56

30.91

0.11

1.14

0.00

99.11

4

11.65×10

a) Prop., proportion of country lands in the world.

0.38

6.28×10

4

0.18

1872.05

0.01

0.67
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18.18×10
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Spatial distribution and area ratio of artificial surface cover in Asia.

Percentages of urban land cover components in Asian countries.
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rate and a relatively low level of development, such as India
and Pakistan, the proportion of urban impervious surfaces is
close to or exceeds 80%, whereas the proportion of vegetation is relatively small.
3.3 Spatial distribution characteristics of the proportions of urban impervious surfaces in sub-watersheds in
Asia
There are 7788 sub-watersheds in Asia. A spatial overlay
analysis of urban impervious surfaces and sub-watersheds
in Asia was conducted to obtain the proportion of urban
impervious surface area in different sub-watersheds (Figure
8). In 2010, the sub-watersheds in Asia had a total area of
2709.08×104 km2, accounting for 88.19% of the total land
surface area of Asia, and the proportion of urban impervious
surface area in these watersheds was less than 1%.
Sub-watershed areas with a proportion of urban impervious
surface area between 1% and 5% account for 9.17% of the
total land surface area of Asia, and sub-watershed areas
with a proportion of urban impervious surface area between
5% and 25% account for 2.29% of the total land surface
area of Asia. In terms of spatial distribution, sub-watersheds
with a proportion of urban impervious surface area greater
than 25% have an area of 10.62×104 km2, accounting for
0.35% of the total land surface area of Asia. These subwatersheds are centrally distributed in East Asian countries,
such as Japan, South Korea and China (particularly the
coastal areas of Eastern China). Among them, urban impervious surfaces are distributed at high proportions in the Beijing-Tianjin-Hebei region, the Yangtze River Delta region,
the Pearl River Delta region, the coastal region of western
Taiwan and the Pacific coastal region in Japan.

Figure 8

September (2016) Vol.59 No.9

Based on the statistical analysis of the areas and proportions of urban impervious surfaces in the watersheds of Asia
(Table 5), at 1–5%, China has the largest urban impervious
surface area (127.62×104 km2), followed by India, Kazakhstan and Japan. Between 5% and 25%, China has the largest
area, followed by Japan and India. At greater than 25%,
China has the largest area, followed by Japan (Table 5).
In terms of the characteristics of watersheds in China, the
impact of urban impervious surfaces on areas in the upstream of the major watersheds is limited to nonexistent.
For example, only a small number of sub-watersheds are
slightly affected by urban impervious surfaces; they are
sporadically distributed in the upstream of certain watersheds, including Yangtze, Yellow, Pearl and Songhuajiang
watersheds. In contrast, urban impervious surfaces have a
slight or significant impact on ecosystems in the downstreams of the major watersheds. The Songhuajiang and
Liaohe watersheds are the main watersheds of northeast
China, and the sub-watersheds that are slightly affected by
urban impervious surfaces are widely distributed; in addition, the urban built-up areas of Harbin and Shenyang are
moderately or severely affected by urban impervious surfaces. The Yellow, Haihe and Huaihe watersheds are the
main watersheds of central China. The sub-watersheds that
are slightly affected by urban impervious surfaces are distributed over a wide range and cover the majority of central
China, with moderately or severely affected watersheds in
Shandong and Henan, and significantly affected in the Beijing-Tianjin-Hebei region and the southern Shandong Peninsula. The Yangtze River watershed is the main watershed
in the region of the lower reaches of the Yangtze River (i.e.,
Zhejiang, Jiangsu, Shanghai), and the sub-watersheds distributed throughout Shanghai metropolitan region are sig-

Spatial distribution map of sub-watersheds in Asia with different levels of urban impervious surfaces.
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nificantly affected by urban impervious surfaces; in addition, a large number of slightly, moderately or severely affected areas are located at the junction of Jiangsu, Zhejiang
and Anhui. The Pearl River watershed is the main watershed of the Pearl River Delta region, and the sub-watersheds
Table 5
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are distributed throughout Guangdong, Zhuhai, Hong Kong
and Macau. They are significantly affected by urban impervious surfaces, whereas other sub-watersheds are only
slightly affected by urban impervious surfaces (Table 6 and
Figure 8).

Sub-watershed areas with different proportions of urban impervious surfaces in Asiaa)
Sub-region

East Asia

Southeast Asia

South Asia

Central Asia

West Asia

Total

Country

1–5%

5–10%

10–25%

> 25%

China

1276160.17

236399.21

119174.83

55500.91

Japan

132654.26

114517.10

40716.55

19400.77

South Korea

31726.92

28121.98

14139.86

12759.89

North Korea

26781.48

10145.78

2.37

12.55

Mongolia

7188.24

0.00

0.00

0.00

Thailand
Malaysia
Vietnam
Indonesia
The Philippines
Cambodia
Singapore
Laos
Brunei

73512.00
40887.31
38889.57
105789.55
3922.14
3233.93
0.00
43.78
4447.18

10201.10
4693.55
0.00
2.00
0.00
0.00
0.00
552.71
0.00

2906.79
4260.62
2158.17
3030.80
0.00
0.00
0.00
0.00
0.00

5777.72
7434.43
7.00
1.19
0.00
0.00
575.26
0.00
0.00

India

467388.30

38952.80

24830.38

3212.33

Pakistan

69294.95

13047.25

4383.15

1274.60

Bangladesh

72.51

223.84

0.00

0.00

Sri Lanka

2684.02

488.59

1150.07

0.00

Bhutan

28371.24

0.00

0.00

0.00

Maldives

0.00

0.00

0.00

0.00

Kazakhstan
Uzbekistan
Turkmenistan
Kyrgyzstan
Tajikistan
Iran
Turkey
Saudi Arabia
Iraq
Georgia
Azerbaijan
Israel
Armenia
Afghanistan
Syria
Kuwait
United Arab Emirates
Jordan
Lebanon
Cyprus
Yemen
Bahrain
Palestine
The Gaza Strip

221059.25
73797.99
9090.10
58713.37
12878.18
11557.38
33571.72
10709.66
8850.76
21296.27
16674.38
1152.03
18464.41
14463.52
4763.26
2999.94
3884.02
5643.14
3843.95
2170.76
0.00
398.81
3683.57
2222.99
281.84×104

7336.25
0.00
0.00
0.00
0.00
4286.01
0.00
2193.08
6193.12
0.00
76.02
5042.64
0.00
0.00
0.00
0.00
0.00
0.00
411.00
0.00
0.00
0.00
0.00
2138.91
48.50×104

548.07
0.00
2088.18
0.00
0.00
108.90
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
21.95×104

235.01
0.00
0.00
0.00
0.00
0.00
17.96
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
4.71
0.00
0.00
0.00
10.62×104

a) The percentages (e.g., 1–5%) represent the areas of sub-watersheds in which the impervious surface area accounts for the total area of the subwatershed (km2).
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Proportions of impervious surfaces distributed in major watersheds in Chinaa)

Watershed
Hai River
Huai River
Yellow River
Yangtze River
Pearl River
Songhua River
Liaohe River

1–5%
5557.36
5469.41
5412.63
4060.44
2056.09
3435.03
1974.39

5–10%
2377.14
4496.33
1292.57
3137.61
881.18
1175.14
0.00

10–25%
835.21
4563.44
727.07
4429.57
1351.14
361.58
1410.28

>25%
4433.04
939.53
323.14
8120.88
5052.11
361.58
1974.39

a) The percentages (e.g., 1–5%) represent the areas of sub-watersheds in which the impervious surface area accounts for the total area of the
sub-watershed (km²).

Based on the aforementioned analysis, the spatial distribution of areas impacted by impervious surfaces can be
determined within the seven major river watersheds of China. The proportion of areas with slightly affected
sub-watersheds gradually decreases from north to south,
whereas the proportion of areas with significantly affected
sub-watersheds gradually increases; thus, the impact of impervious surfaces on each watershed gradually increases
from north to south. The impacts of impervious surfaces on
the sub-watersheds in each of the seven major rivers in
China were analyzed from north to south. Table 6 indicates
that the Songhuajiang River watershed is slightly or moderately affected with areas of 3435.03 and 1175.14 km2, respectively by urban impervious surfaces. The sub-watershed
area of Liaohe River that is slightly affected by urban impervious surfaces is equivalent to that of significantly affected area, approximately 2000 km2. The slightly affected
sub-watersheds of Haihe River have the largest area
(5557.36 km2) of all the slightly affected sub-watersheds,
and the significantly affected sub-watersheds cover 4433.04
km2. Most of the Yellow River sub-watersheds are slightly
affected by urban impervious surfaces and have an area of
approximately 5412.63 km2. The slightly, moderately and
severely affected Huaihe River sub-watersheds are all large
areas, whereas the significantly affected sub-watersheds are
small areas. The significantly affected Yangtze River
sub-watersheds have the largest area (circa 8120.88 km2),
whereas the sub-watersheds affected to other degrees have
relatively small areas but cannot be neglected. The Pearl
River sub-watersheds are significantly affected (circa
5052.11 km2), but mostly are slightly affected.

4. Discussion
4.1 Detection of the internal structural components of
a city
Urban landscapes are highly dynamic and structurally complicated, and they include different mosaics. The internal
impervious surfaces and green-space structural components
of a city have different impacts on the ecosystems of a city
and may alter the urban heat island effect. Current research
on urban land-use and land-cover changes does not include
descriptions of the internal heterogeneity and structural

components of the urban expansion process, which limits
the reliability of urban surface heat budget simulations and
ecosystem services evaluations (Kuang et al., 2015a,
2015b). Most product resolution of urban built-up areas or
impervious surfaces data at global or intercontinental scale
is 500-m or 1-km (Yang et al., 2003; Schneider et al., 2009).
Through a comparative analysis of similar datasets developed by other researchers with our recent results, we found
that the differences in the classification system, spatial resolution and data acquisition time lead to data products with
different qualities and quantities (Liu J Y et al., 2014). An
analysis of the related literature points out that different
definitions of urban concepts and insufficient understandings on the mixture of impervious surfaces and green spaces
within a city are main factors causing the differences among
the remote sensing monitoring results (Kuang et al., 2014;
Lu et al., 2014b).
Elvidge et al. (2007) estimated the global impervious
surface area using the DMSP, but the impervious surface
area was overestimated because of insufficient descriptions
of the internal heterogeneity of cities in the 1-km resolution
images. Wu and David (2002) and Liu Z F et al. (2014)
proposed a three-level urban land classification system in
which urban land was classified into urban area, urban
built-up area and impervious surfaces. They evaluated a
large amount of past research and concluded that the urban
impervious surface area of Asia accounts for 0.60% of the
total land area of Asia and that the ratio of urban impervious
surface areas in urban built-up areas in Asia was 1:1.5 (Wu
and David, 2002; Liu Z F et al., 2014). Based on our evaluation, the urban built-up area in Asia was 18.18×104 km2,
accounting for 0.59% of the total land surface area of Asia
in 2010. Among the internal cover components of cities,
impervious surfaces have a total area of 11.65×104 km2,
accounting for 64.09% of the total urban built-up area in
Asia, whereas the vegetation and bare soil area accounts for
34.56%. Thus, our evaluation results are closer to the evaluation results reported by Liu Z F et al. (2014).
4.2 Intensity and influencing factors of urban development and construction in Asia
The intensity and proportions of impervious surface in Asia
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exhibit a significantly decreasing trend over three gradient
levels. This trend is mainly determined by the overall terrain, landforms and natural environment of Asia, the historical development stage of each country and the coastal nature of the export-oriented economies. The spatial distribution reflects the current developmental intensity of urban
construction in Asia. Overall, the first gradient centers on
the countries in East Asia, including China, Japan and South
Korea. Cities in these countries are distributed in clusters,
and the impervious surfaces of the urban agglomerations
(e.g., the Beijing-Tianjin-Tangshan agglomeration, the Pearl
River Delta agglomeration, the Yangtze River Delta agglomeration and the Pacific coastal agglomerations in Japan) exhibit continuous distribution characteristics; moreover, this gradient is closely related to the export-oriented
economies of the coastal cities. The second gradient covers
the central region of Asia, which includes countries in Central Asia, Southeast Asia and South Asia. India has the
largest urban impervious surface distribution in this region,
and the gradient is more significantly related to the historical development level of each country. The third gradient
centers on the countries in West Asia, which has a small
population density and is more significantly restrained by
the natural and geographical environment. According to
historical views and current population distributions, China
and India are among the four great ancient civilizations and
have large populations. Moreover, China and India are
ranked as the top two in terms of urban built-up areas in
Asia, and they play significant roles in the Asian urbanization process.
The development of urban construction within each
country is closely related to urban population and economic
development. The multiple correlation coefficients (R2) of
0.80 and 0.87 between urban impervious surface area/urban
population and /economy, respectively, confirmed the close
relationships (Figure 9). The urban impervious surface area
is linearly related to the urban population and the gross do-

Figure 9

September (2016) Vol.59 No.9

1735

mestic product (GDP). The urban built-up areas and internal
impervious surface component proportions indicate a significant difference between developed and developing
countries. Developing countries increase the urbanization
rate mainly by increasing the urban impervious surface area,
and the ecological service function of urban green vegetation is not generally considered. However, developed countries place more emphasis on the internal greening of cities
and the construction of residential environments. Therefore,
developed countries have a smaller proportion of urban internal impervious surface components compared to developing countries. Such results are consistent with the patterns
obtained from a comparison between the extremely large
cities of China and the USA (Kuang et al., 2014).
4.3 Impacts of urbanization on the sub-watershed environment in Asia
Asia is undergoing a rapid urbanization process, and the
urban population in Asia accounted for 43% of the global
population in 2010. Overall, Japan and South Korea experienced rapid urbanization in the 1980s, and emerging
countries, such as China, India and Bangladesh, have also
experienced rapid development. The accelerating urbanization in Asia has impacted the eco-environments of the watersheds. Based on our evaluation, sub-watersheds with a
proportion of urban impervious surface area greater than
25% have an area of 10.62×104 km2. China has the largest
area of watersheds with a proportion of urban impervious
surface area greater than 25% (5.55×104 km2), followed by
Japan. Those watersheds are centrally distributed in China
and within the urban agglomeration regions on the east
coast of Japan (Kuang, 2012a; Kuang et al., 2013). Because
urban and industrial development in most countries in Asia
has been based on resource consumption and traditional
manufacturing industries, the high-density distribution of
urban impervious surfaces has caused a series of eco-

Fitting curves for urban impervious surface area vs urban population and urban impervious surface area vs GDP.
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environmental problems. Thus, urbanization in Asia is facing the improvements of living environments, environmental pollution, infrastructure and other issues, which will be
great challenges for the achievement of sustainable urban
development (Wu, 2013; Kuang et al., 2015c).

5. Conclusions
This study constructed a hierarchical-structure classification
system for artificial surface, urban built-up area, impervious
surface and vegetation cover components, developed a new
approach to extract the pixel components of subclass artificial surface cover based on GlobeLand30, and produced
products of proportional urban built-up areas, impervious
surface and vegetation cover components in Asia in 2010
with 250-m resolution. The classification of urban built-up
areas in Asia in 2010 was based on multisource data integration and expert knowledge, and had an overall accuracy
of 91%. The extraction of the impervious surface component had an MRE of 0.87. The proposed method can be
used in detection and estimation of the internal structure of
a city. There were 18.18×104 km2 of urban built-up area in
Asia, accounting for 0.59% of the total land surface area of
Asia. Among the internal cover components of cities, impervious surfaces had a total area of 11.65×104 km2 accounting for 64.09% of the total urban area of Asia, whereas
vegetation and bare soil accounted for 34.56% of the total
urban built-up area in Asia. This spatial pattern reflects the
impacts on the watershed ecosystems caused by human activities such as urban construction.
The intensity and proportions of urban impervious surfaces in Asia exhibit a three-level (continuous, scattered in
central cities and indeterminate) gradient distribution pattern from east to west. Among the countries in Asia, China
has the largest urban impervious surface areas, followed by
India and Japan. Overall, developed countries have a larger
proportion of urban impervious surface area compared to
developing countries. However, in terms of the internal
structures of cities, the proportion of impervious surface
areas inside the urban built-up areas in countries with relatively developed economies is smaller than in countries with
a relatively low level of development.
The sub-watershed area in Asia with a proportion of urban impervious surface area greater than 25% accounts for
0.35% of the total land surface area of Asia; such subwatersheds are mainly distributed in East Asian countries,
such as Japan, South Korea and China (particularly the
coastal regions of Eastern China). The ecosystems of the
downstreams of the major watersheds, to some extent, have
been affected by urban impervious surfaces. Differences in
the urbanization, industrialization and economic development levels among countries in Asia cause significant differences in urban built-up areas as well as component
structures of impervious surface and green space inside urban built-up areas.
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