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Abstract The mapping of impervious surface area (ISA) and urban green space (UGS) is essential for improving the urban
environmental quality toward ecological, livable, and sustainable goals. Currently, accurate ISA and UGS products are lacking in
urban areas at the global scale. This study established regression models that estimated the fraction of ISA/UGS in global 30
cities for validation using MODIS NDVI and DMSP/OLS nighttime light imageries. A global dataset of ISA and UGS fraction
with a spatial resolution of 250 m*250 m was developed using the regression model, with a mean relative error of 0.19 for its
ISA. The results showed the global urban area of 76.29% 10" km’, which was primarily distributed in central Europe, eastern Asia,
and central and eastern North America. The urban land area in North America, Europe, and Asia was 66.3x1 0 kmz, accounting
for 86.91% of the world’s urban area; the urban land area of the top 50 countries accounted for 59.32% of the total urban land area
in the world. The global ISA of 45.26x 10* km® was mainly distributed in central and southern North America, eastern Asia, and
Europe, as well as coastal regions around the world. The proportion of ISA situated in built-up areas on the continental scale
followed the order of Africa (>70%)>South America>Oceania>Asia (>60%)>North America>Europe (>50%), and these areas
were mostly in southeastern North America, southwestern Europe, and eastern and western Asia. North America, Europe, and
Asia accounted for 89.44% of the world’s total UGS. The cities of developed countries in Europe and North America exposed a
dramatic mosaic of ISA and UGS composites in urban construction. Therefore, the proportion of UGS is relatively high in those
cities. However, in developing and underdeveloped countries, the proportion of UGS in built-up areas is relatively low, and urban
environments need to be improved for livability.
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Introduction

sustainable cities (Georgescu et al., 2014; Sanchez Ro-

Global warming and rapid urbanization have serious impacts
on urban environments, ecosystem services, and human
well-being (Grimm et al., 2008; Creutzig et al., 2016). The
core themes of the Intergovernmental Panel on Climate
Change (IPCC) became the promotion of ecological resi-
lience and adaptability to climate change in cities and com-
munities and the establishment of comfortable and
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driguez et al., 2018). The growth of metropolitan cities has
resulted in the intensifying frequency of extreme heat events.
It has been predicted that people in cities could be increas-
ingly exposed to extreme heat waves in the future (Bierwa-
gen et al., 2010; Georgescu et al., 2013; Jones et al., 2015).
Rapid urbanization has resulted in a series of ecological and
environmental issues, such as the ceaseless expansion of
man-made surfaces, the aggravation of urban heat islands,
the rise of regional air temperatures, and the decline in urban
ecosystem services (Chen et al., 2016; Fang et al., 2017).
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As indicators of urbanization, impervious surface area
(ISA) and urban green space (UGS) play important roles in
assessing the health of urban ecosystems and the quality of
human settlements (Lee et al., 2018). ISA includes building
roofs, roads, squares, airports, and other impervious surfaces,
all of which are covered by materials such as asphalt, con-
crete, brick, and stone. UGS is mainly different types of
urban greening, i.e., parks, forests, and grasslands within
built-up areas. ISA, UGS, waterbodies, and bare soil make
up urban land-cover types (Kuang et al., 2016a). Urban land
is internally characterized by high heterogeneity of spatial
patterns, complex structures, component mosaics, and
transformations between land cover types. Due to the dif-
ferences in natural geography, economic and cultural factors,
and planning modes within individual countries, the mo-
saicked modes of ISA and UGS composites vary remarkably
among countries around the world. Therefore, remotely
sensed classification and mapping of urban underlying sur-
face cover at a global scale exist still two challenges: (1)
developing an appropriate approach to retrieve ISA and UGS
in different regions and (2) understanding the impacts of the
mixed pixel problem on remotely sensed data. The acquisi-
tion of ISA and UGS fractions from coarse spatial resolution
images is especially challenging.

Currently, ISA and UGS fraction mapping focus mainly on
the classification of an ISA or UGS pixel at a national or
regional scale. The United States Geological Survey (USGS)
developed ISA fraction maps for its 2001, 2006, and 2011
National Land Cover Database (NLCD) with a resolution of
30 mx30 m (Homer et al., 2012), providing an important
dataset for monitoring urban ecological and environmental
quality (Yang et al., 2003; Wickham et al., 2013). Kuang et
al. (2013) calculated the human settlement index (HSI) and
analyzed the spatiotemporal patterns of the national ISA
from 2000 to 2008, which derived from China’s Land Use/
Cover Dataset (CLUD), nighttime light data (e.g., Defense
Meteorological Satellites Program-Operational Linescan
System (DMSP/OLS)), and Moderate Resolution Imaging
Spectroradiometer (MODIS) normalized difference vegeta-
tion index (NDVI) data. In recent years, the development of
modeling algorithms for extracting ISA, UGS, and other land
cover types has considerably enhanced the monitoring ca-
pacity in urban ecology and the environment. With the in-
creased availability of remote sensing images with high
spatial resolution and improvements to mapping algorithms,
the capacity for monitoring urban surfaces has remarkably
improved at regional and city scales. The V-I-S model de-
veloped by Ridd (1995) decomposed urban land cover into
vegetation (V), impervious surfaces (I), and soil (S). Sub-
sequent studies extracted the ISA and UGS components in
subpixels on the basis of linear spectral unmixing models
using Landsat images (Wu and Murray, 2003; Lu and Weng,
2006; Lu et al., 2011; Li et al., 2016). Zhang and Weng
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(2016) extracted urban ISA in the Pearl River basin between
1998 and 2013. Yue et al. (2006), Pan et al. (2009), and Li et
al. (2016) also studied the distribution of urban land cover in
Fuzhou, Lanzhou, and Hangzhou, respectively. These studies
mainly focused on the mapping and spatiotemporal analysis
of ISA distribution in specific cities. Some studies have
compared the divergences in urban functions and structure
associated with ISA and UGS in countries with different
social conditions. Yu et al. (2017) monitored spatial expan-
sion and conducted a comparative analysis in megacities
along the Maritime Silk Road. The urban expansion in the
Beijing-Tianjin-Hebei urban agglomeration in China was
compared to that in the BosWash (Boston-Washington, D.C.)
urban agglomeration in the USA (Cao et al., 2017).The intra-
urban structures and their ISA percentages in the megacities
of Beijing, Shanghai, and Guangzhou in China and New
York, Chicago, and Los Angeles in the USA was also com-
pared (Chi et al., 2015; Kuang et al., 2014). A new trend is
emerging to guide urban planners for other countries through
adopting from the prior knowledge of developed countries to
improve urban ecosystem services.

At the global scale, the mapping of built-up areas, urban
land, or ISA at resolutions of 1 km or 500 m is becoming a
popular research topic. For example, Elvidge et al. (2007,
2010) developed a global dataset on constructed ISA with a
resolution of 1 km using DMSP/OLS images, indicating a
total area of constructed ISA of 57.97x10* km’, accounting
for approximately 0.43% of the world’s land area in 2000/
2001. Schneider et al. (2009, 2010) mapped urban areas at a
resolution of 500 m using MODIS images with an overall
accuracy of 93%. Liu et al. (2018) developed the normalized
urban areas composite index (NUACI) to calculate the global
urban area at 5-year intervals from 1990 to 2010 using the
Google Earth Engine (GEE) cloud-computing platform.
Their study estimated that the global urban area increased
from (45.10+0.12)x10* km® in 1990 to (74.71+0.15)x10*
km” in 2010, accounting for 0.63% of the world’s total land
area. Liu et al. (2014) noted the great divergences in previous
research findings due to different definitions and data sour-
ces. They summarized that the world’s built-up area accounts
for approximately 0.65% of the global land area, with ISA
covering 0.45% of total land area. Due to the high spatial
heterogeneity of urban landscapes, ISA and UGS were
usually mosaicked at the pixel level in 30-m resolution
Landsat TM imagery. Therefore, previous studies that re-
garded ISA as a homogeneous unit at resolutions of 1 km or
500 m lacked effective decomposition for ISA and UGS in
each pixel of the city. This condition limited the capacity of
these studies to delineate urban structures and surface char-
acteristics, as well as causing serious issues in mapping ac-
curacy and data analysis. ISA and UGS have very different
effects on surface radiation and the energy budget and in

biogeophysical and biogeochemical processes. Conse-
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quently, spatial resolution and accuracy of dataset in urban
land mapping could play an important role on the evaluation
of urban environments, carbon emission, and climate change.

In this study, we proposed a new hierarchical classification
system and a mixed-pixel-based decomposition method that
integrates multisource data and geo-knowledge rules to ac-
curately delineate urban land cover (Kuang et al., 2016a;
Zhuo et al., 2018). We developed a global ISA and UGS
dataset using an integrated classification method from
MODIS NDVI, DMSP/OLS and Landsat TM data using
GlobeLand30 dataset (Chen et al., 2015). We examined the
spatial heterogeneity of ISA and UGS among continents,
countries, and cities and analyzed the relationships between
urban greening and dweller habitat environments. This re-
search will provide scientific knowledge related to the cli-
mate and ecological effects of urbanization, the assessment
of the health status of urban habitat environments, and the
evaluation of global ecosystem services and human well-
being in cities.

2. Data and methods

2.1 Study area

The total area of global urban land is 76.29x10" km’, ac-
counting for 0.51% of the global land (Figure 1). The global
population was 7.38 billion in 2015, with a population den-
sity of 49 people/km”. Six continents-Asia (48 countries),
Europe (43 countries and 1 territory), North America (23
countries and 14 territories), South America (12 countries
and 2 territories), Africa (55 countries and 3 territories), and
Oceania (15 countries and 19 territories)-were included in
the study.

2.2 Data sources

The data sources used in this study (see Table 1) included (1)
the 2010 GlobeLand30 with 30-m spatial resolution from the
National High-Tech R & D Program of the Ministry of
Science and Technology of China; (2) the European Space
Agency climate change initiative land cover (ESA CCI LC)
product with 300-m spatial resolution for 2008-2012; (3) the
2010 MODIS NDVI with 250-m spatial resolution; (4) the
2010 DMSP/OLS; (5) the 2010 USGS Landsat imagery; (6)
the 2010 Google Earth imagery; and (7) other ancillary data
products.

2.3 Method for mapping global ISA and UGS

Global ISA and UGS mapping included data acquisition and
processing, urban land cover classification, and accuracy
assessment (Figure 2). The detailed technical procedure is
described as follows:
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(1) Classification method. Based on the principle of hier-
archical classification, this study created a new classification
method for urban land-use/cover classification in two steps:
first, the boundaries of built-up areas were extracted; then,
the fractions of ISA and UGS within urban built-up areas
were generated to analyze the distribution of ISA and UGS in
different countries worldwide.

(2) Mapping the global built-up area. The built-up area was
extracted from GlobeLand30 and used as a mask layer. The
spatial layer was calculated to fill the land cover types of
forest, grassland, and water bodies within the built-up areas
through the mask layer and GlobeLand30. Homogeneous
polygons of land use types in the built-up area were then
created at the global scale.

(3) Calculating the building density index. The MODIS
NDVI products from the Northern Hemisphere region be-
tween April and October 2010 and from the Southern
Hemisphere between October 2009 and April 2010 were
analyzed. The maximum value product was calculated from
the MODIS NDVI time series data. To match the MODIS
NDVI product at a 250 m spatial resolution, the 1 kmx1 km
DMSP/OLS product was resampled to a cell size of 250 mx
250 m. The building density index was then calculated based
on the MODIS NDVI maximum product and the resampled
DMSP/OLS product. After that, the algorithm for the ISA
component was extracted based on the building density in-
dex (ISA,y) (eq. (1)) (Lu et al., 2008; Kuang et al., 2013,
2016b).

(1-NDVI,,,) +OLS,,,, "
(1-OLS,,)+NDVI,,, +OLS,, xNDVI,_’

ISA ;= -
where ISA,; is a building density index, NDVI,,, is the
maximum value of the MODIS NDVI time series data, and
OLS,, is the normalized nighttime light index (0-1).

(4) Retrieving ISA and UGS fraction from Landsat TM.
The fractional ISA data (0-100%) for each pixel within the
built-up areas were extracted from Landsat TM images.
Because vegetation growth phenology is different in the
Southern and Northern Hemispheres, the images of peak
growth were selected based on the location of the built-up
areas. After radiometric calibration, atmospheric correction
and geo-correction, the vegetation-impervious surface area-
soil (V-1-S) model was conducted to acquire the end-mem-
bers of those land cover types. A fully constrained least-
squares (FCLS) solution was used to obtain the fractional
images, including high-reflectance object, low-reflectance
object, vegetation, and waterbody fractional images (Kuang
et al., 2014). The fractional ISA was created based on the
sum of high-reflectance and low-reflectance fractional ima-
ges. Because waterbodies have similar spectral features to
ISAs in Landsat images, threshold values of the modified
normalized difference water index (MNDWTI) were used to
exclude waterbodies. The UGS product was generated by
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Table 1 Data products used in this research

Spatial distribution of built-up areas at the global scale.

Data type Name of data source

Resolution, data type Data source

GlobeLand30
MODIS NDVI
DMSP/OLS
ESA CCI LC
Landsat TM

Remotely sensed data products

16-day 250-m composite raster data

30-m resolution raster data www.globeland30.org

http://modis.gsfc.nasa.gov/
1-km resolution raster data http://ngdc.noaa.gov/
300-m resolution raster data http://maps.elie.ucl.ac.be

30-m resolution imagery http://glovis.usgs.gov

Global administrative boundaries

Supplementary data
1:1,000,000 global base map data

Vector boundary http://gadm.org

National Administration of Surveying,

Vector boundary Mapping, and Geoinformation

Google Earth
imagery
Dataset for accuracy assessment Land use/land cover in China

US Geological Survey National Land
Cover Database

High-resolution rectified imagery

http://google-earth.en.softonic.com/

Institute of Geographic Sciences and
Natural Resources Research, Chinese
Academy of Sciences

30-m resolution raster data

30-m resolution raster data http://www.mrlc.gov/nled2011.php

subtracting ISA, waterbody, and soil areas by using pixel
calculation within built-up areas. This 30-m UGS product
was used to provide the parameter calibrations for ISA and
UGS data worldwide.

The advantage of FCLS spectral unmixing is that it ensures
the domain value for each end-member in each pixel to be
between 0 and 1, with 1 representing 100%. The specific
formula is as follows:

R, = Zf}ci Citey (2)
k=1

where R;; is the surface reflectance of pixel i in band 4, f;; is
the proportion of area accounted by the component £ in pixel
i, Cy, is the surface reflectance of the component & in band 4,
and g;, is the residual error value.

(5) Calibrating the parameter of the global ISA fraction. A

total of 10006 samples were randomly selected from 30 cities
to calibrate the parameter of the building density index
(Figure 3). Based on these samples, we established a re-
gression model (eq. (3)) to calibrate the ISA fractional
images.

ISA,; = 0.657+0.241 xIn(ISA ), 3)

where ISA_, is the postcalibration ISA index.

(6) Retrieving global ISA and UGS fractions and assessing
their accuracies. By overlaying the extracted ISA fraction on
the built-up area from GlobeLand30, we generated a
worldwide ISA fraction map at 250 mx250 m resolution.
Furthermore, a UGS fractional map was created by removing
ISA fractional data in the regions of GlobeLand30’s UGS
pixels. The data accuracy was examined using Google Earth
high-resolution images.
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Figure 2 The framework for mapping global ISA and UGS using multiple data sources.
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(7) Spatial analysis and mapping. Specifically, we statis-
tically analyzed the built-up area, ISA, and UGS at the
continent and country scales. The fractions of ISA and UGS
areas within the built-up areas were calculated at a global
scale. Specific examples of each step are shown in Figure 4.

2.4 Accuracy assessment

Twenty-four typical cities were selected from different eco-

geographical zones around the world (Figure 5). These cities
were mainly concentrated in global megacities such as
Shanghai and London, national administrative core cities
such as Moscow and Washington, and other small- or med-
ium-sized cities. An accuracy assessment was conducted
through random sampling using the 2010 Google Earth high-
resolution images. To reduce the error of image registration,
a 3x3 window size (750 mx750 m) was adopted for each
sampling point. The fractions of ISA and UGS were inter-
preted visually from the Google Earth high-resolution ima-
ges, representing the ground-truth value (Zhang et al., 2010).
A total of 4246 samples were obtained. The mean relative
error (eq. (4)) was used to evaluate the accuracy of the ISA
and UGS fractions.

leqxi =Yil/yo)

l#’ (4)
where MRE is the mean relative error, x; is the ISA fraction
extracted using a 3%3 window size (0-100%), y; is the ISA
from Google Earth surface verification (0-100%), and N is
the number of samples.

MRE =

3. Results

3.1 Accuracy of dataset

The accuracy assessment indicated that the ISA fraction had
a relatively high accuracy with a mean relative error (MRE)
value of 0.19. The Asian and European cities had MRE va-
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lues of less than 0.25, Johannesburg in Africa and Brisbane
in Oceania had MRE values of over 0.3, and the cities in
other continents had MRE values of 0.3 or less (Figure 6).
The accuracy of the ISA fraction was relatively high in cities
in Asia, South America, Europe, and North America and
relatively low in cities in Africa and Oceania (Figure 6). At
the continental scale, the rank of MRE from the lowest to
highest was as follows: Asia (MRE=0.162)<South America
(MRE=0.187)<Europe = (MRE=0.191)<North = America
(MRE=0.248)<Africa (MRE=0.308)<Oceania (MRE=
0.311). The ISA mapping accuracies were closely related to
urban vegetation in the growing season and the urban plan-
ning and management levels in different countries. In regions
such as Southeast Asia, Europe, and America where large
cities and high vegetation coverage are common, high ISA
and UGS mapping accuracies were obtained. However, the
desert areas in Central Asia and Africa had relatively poor
ISA mapping accuracy due to the difficulty in distinguishing
ISA and UGS from other land cover types.

3.2 Spatial patterns of urban land cover

The total global urban land was 76.29x10* km® and was
mainly located in North America, Europe, and Asia, ac-

counting for 86.91% of the total urban land area
(66.30><104 kmz) (Figure 7). The top 50 countries accounted
for 59.32% of the world’s total urban land (Table 2), and the
top 10 countries accounted for over 50% of the urban land in
the top 50 countries. Of the top 10 countries, the United
States ranked the highest at 15.78x10* km®, followed by
China (5.79x10"km®), Canada (5.65x10"km’), Russia
(5.17x10* km®),  Brazil  (5.11x10*km’),  Mexico
(2.52x10" km®), India (2.20x10" km®), Japan
(2.15x10*km®), Germany (1.69x10"km®), and Italy
(1.57x10" km®) (Figure 7).

3.3 Global patterns of ISA

The global ISA in 2010 was 45.26x10" km’, accounting for
60.01% of the urban land area (Figure 8) and 0.30% of the
world’s land area. According to the urban ISA of each con-
tinent, the rank from the largest to the smallest was as fol-
lows: North America (15.42x10* km®)>Asia (11.65x10°

km’)>Europe (11.06x10* km®)> South America (4.30x10"

km’)>Africa  (2.30x10* km®)>Oceania  (0.63x10* km?).
North America, Europe, and Asia accounted for 84.25% of
the world’s total ISA. The urban ISA was concentrated in
central and southern North America (United States and
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Figure 6 The accuracy of ISA fraction extraction in selected cities.
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and bare soil.

Mexico), eastern Asia (China, Japan, and Korea), Europe,
and coastal regions, including the Mediterranean coast and
the eastern and western coasts of the Pacific.

The ranks of ISA proportions within built-up urban areas
are as follows: Africa (>70%)> South America > Oceania >
Asia (>60%) > North America> Europe (>50%). Africa had
the highest ISA density (77.64%), followed by South
America (69.20%) and Oceania (65.00%). The proportion of
ISA was closely correlated with the level of socioeconomic
development and the progress of urbanization, as well as the
level of urban planning and design. The three countries with
the largest urban ISA were the United States, China, and
Canada (8.80x10" km’, 3.65x10" km’, and 2.99x10" km’,
respectively). The top three countries with the highest ISA
densities within urban areas were the African countries of
Angola, Seychelles, and Comoros, with densities of 88.21%,
85.41%, and 84.71%, respectively.

3.4 Global patterns of UGS

The global UGS in 2010 was 24.92x 10* km®, accounting for
0.17% of the land area. The UGS areas from the largest to the
smallest are North America (9.24><104 km2)>Europe
(7.34x10" km’)>Asia  (6.28x10* km’)>South ~ America
(1.90x10* km*)>Oceania  (0.41x10* km’)>Africa  (0.39x
10* kmz). The sum of UGS in North America, Europe, and
Asia accounted for 89.44% of the total UGS area in the
world. As shown in Figure 9, the UGS in North America was
concentrated in the southeast and gradually decreased to the
west, while in Asia, it was concentrated in the east and west
and scattered in other regions. In South America, UGS was
primarily distributed in the southeast; in both Oceania and
Africa, UGS was relatively scattered. Among the world’s
coastal regions, the UGS was concentrated on the Medi-
terranean coast, the western and eastern coasts of the Pacific,
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Table 2 The urban land areas of the top 50 countries and their ranks
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Continent Country Urt()lé(ilr:l%rea Rank Continent Country Urban area (kmz) Rank

North America USA 157 785.83 1 Asia Pakistan 5869.18 26
Asia China 57 924.97 2 Africa Nigeria 5224.97 27
North America Canada 56 474.84 3 Asia Uzbekistan 5130.83 28
Europe Russia 51 757.06 4 Asia Malaysia 5002.55 29
South America Brazil 31 052.65 5 Africa South Africa 4948.97 30
North America Mexico 25219.29 6 South America Peru 4507.24 31
Asia India 22 045.93 7 South America Chile 4334.79 32
Asia Japan 21 496.52 8 Asia Iran 3626.25 33
Europe Germany 16 865.73 9 Europe Norway 3420.19 34
Europe Italy 15 673.63 10 Europe Greece 3167.96 35
Europe Sweden 13 805.28 11 Asia Turkmenistan 3104.68 36
Europe France 13 610.25 12 Europe Bulgaria 3082.44 37
Europe Spain 12 819.09 13 Europe Netherlands 3058.71 38
Europe Ukraine 11 031.47 14 South America Venezuela 3048.4 39
South America Argentina 10 627.75 15 Europe Czech Republic 2930.97 40
Asia Indonesia 10 409.42 16 Africa Tunisia 2782.62 41
Asia Kazakhstan 10 154.68 17 South America Columbia 2755.04 42
Europe UK 9613.97 18 Africa Algeria 2675.27 43
Europe Poland 8690.16 19 Europe Hungary 2373.56 44
Asia Korea 8186.97 20 Asia Turkey 2216.00 45
Europe Serbia 7765.79 21 Europe Belgium 2151.66 46
Europe Romania 7122.07 22 South America Bolivia 2103.22 47
Europe Belarus 6348.81 23 Asia Vietnam 2059.77 48
Asia Thailand 6218.06 24 North America Cuba 1956.71 49
Europe Finland 6104.99 25 Asia Kyrgyzstan 1885.24 50

and the western coast of the Atlantic. The proportions of
UGS from highest to lowest are North America>Asia>Eu-
rope(>30%)>South  America  (>20%)>Africa>Oceania
(>10%). North America had the highest UGS density
(35.16%), followed by Asia (34.55%) and Europe (33.09%).
Europe, North America, and Asia had not only relatively
large UGS areas but also high UGS density within their ur-
ban areas. The results indicated that the three countries with
the largest UGS areas were the United States, Canada, and
Russia (5.89%10" km®, 2.38x10" km’, and 2.69x10*km’,
respectively), and the three countries with the highest UGS
density were Yemen, Oman, and East Timor (58.04%,
56.07%, and 54.27%, respectively).

3.5 Landscape configurations of the urban environ-
ments in each country

In terms of ISA and UGS (Figure 10), different countries had
distinct landscape configurations. For example, the propor-
tions of ISA and UGS in Asia were 64.09% and 34.56%,
respectively. Pakistan had the highest proportion of ISA

(83.15%), and Yemen had the lowest (40.19%). The pro-
portions of ISA and UGS in Europe were 50.98% and
38.72%, respectively. Malta had the highest proportion of
ISA (61.12%), and the Netherlands had the lowest (31.88%).
The proportions of ISA and UGS in North America were
58.30% and 35.46%, respectively. Mexico had the highest
proportion of ISA (84.37%), and Guatemala had the lowest
(44.39%). The proportions of ISA and UGS in South
America were 69.20% and 25.58%, respectively. Chile had
the highest proportion of ISA (80.80%), and Guyana had the
lowest (65.34%). In Africa, the proportions of ISA and UGS
were 72.58% and 21.08%, respectively. The total urban ISA
was up to 22300 km’. Angola had the highest proportion of
ISA (88.21%), and Coéte d’Ivoire had the lowest (45.99%). In
Oceania, the proportions of ISA and UGS were 65.00% and
14.07%, respectively. New Zealand had the highest propor-
tion of ISA (87.29%), and Papua New Guinea had the lowest
(59.59%).

The ISA and UGS proportions and landscape structures
were different among continents (Figure 10). The developed
countries such as the United States, the United Kingdom, and
France placed emphasis on urban landscape design, espe-
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Figure 8 Global pattern of ISA and specific cases in selected cities.

cially the configuration of buildings and UGS in residential
areas. Thus, the proportions of ISA within the built-up areas
of these countries were relatively low, and the proportions of
UGS were relatively high, indicating high-quality urban
environments. In contrast, countries in Asia such as India,
Mongolia, and Kazakhstan and countries in South America
and Africa had relatively high ISA densities and relatively
low UGS proportions, implying their relatively poor living
environments (Figure 10).

The landscape patterns of ISA and UGS in the megacities
on each continent were further examined. The ISA propor-
tions can be grouped into three layout modes. Low-density
and scattered distribution cities, such as Paris, Washington,
D.C., and New York, belong to the category of cities with
good living environments. Medium-density, clustering and
filling expansion cities, such as Beijing, Moscow, and Tokyo,

where ISA extends outward from the city center with a de-
crease in the ISA density from the center to the outskirts. In
contrast, the vegetation density gradually increases in the
built-up area and enhances the urban living environments in
these medium-density cities. Finally, high-density and
compact cities such as Cairo, Sao Paulo, and New Delhi have
high ISA densities and very little natural vegetation cover-
age. The environments in these cities are in need of im-
provement. The urban environments in developed countries
have been significantly improved by effectively mosaicking
buildings and UGS through the scientific design of urban
landscapes. Meanwhile, in less developed and developing
countries, the proportions of ISA with buildings, roads, and
public squares are relatively high. These countries need to
optimize landscape configurations and improve their urban
environments.
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4. Discussion

4.1 Mapping of global ISA and UGS and their poten-
tial applications to the assessment of global climate and
ecological impacts

This research accurately delineated the ISA and UGS com-
ponents in built-up areas using a hierarchical classification
approach. We found that the classification of ISA and UGS is
difficult in arid and semiarid zones using only MODIS data.
DMSP/OLS data were very helpful in identifying ISA in
non-vegetation areas. In addition, we found that combining
multisource data (e.g., GlobeLand30 data, MODIS, DMSP/
OLS) can effectively improve the global ISA and UGS
mapping accuracies.

The global urban land area was estimated to be
76.29x10* km” in 2010, accounting for 0.51% of the global
land area. This finding was similar to the results of Schneider
et al. (2009, 2010), who showed that the global urban foot-
print was slightly less than 0.5% in 2001/2002, but lower
than the results from Liu et al. (2018), who indicated a ratio
0f0.63% in 2010. Due to the decomposition of ISA and UGS
components within cities, the global ISA was assessed as
45.26x10* km”, accounting for 0.30% of the global land area,
which is lower than the results by Elvidge et al. (2007), who
found that the proportion of constructed ISA was 0.43% in
2000/2001.

Our results indicated that the global UGS had a total area
of 24.92x10" km’, accounting for 0.17% of the global land
area. UGS plays an important role in improving urban eco-
system services and regulating urban climate (Tigges et al.,

2013). The global ISA and UGS data developed by this study
can provide important land surface parameters for global
climate models. In addition, information about the fractions
of ISA and UGS can be used to constrain process-based
ecosystem models for quantitatively evaluating the impact of
urbanization on ecological processes (Ding, 2018). Conse-
quently, the study of accurately mapping ISA and UGS has
broad prospects and potential applications in the assessment
of both the global climate and the ecological impacts induced
by urbanization (Urge-Vorsatz et al., 2018).

4.2 Differences in habitat environments among devel-
oped, developing, and underdeveloped countries

Our research indicated that ISA and UGS components in
built-up areas varied among developed, developing, and
underdeveloped countries, implying that the differences in
national planning standards among countries at different
socioeconomic levels could result in significant differences
in urban green infrastructure. The differences in the quality
of urban environments between countries are remarkable.
The developed countries have relatively low proportions of
ISA in cities. For example, the percentages of ISA and UGS
were 58.40% and 35.46% in North American cities and
50.98% and 38.72% in European cities (Figures 10 and 11).
The low percentages of ISA played an important role in
improving urban ecosystem services by optimizing urban
landscape structures (Cao et al., 2017). Developing countries
have relatively high percentages of ISA in built-up areas. For
example, the proportions of ISA and UGS in India (Asia)
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Figure 10 Distribution of the proportions of ISA and UGS in each country.

were 81.41% and 17.33%, respectively. The ecological
function of UGS was relatively low, and the urban en-
vironment needs to be improved in these cities. In some
underdeveloped countries, the proportions of ISA are high,
while the proportions of UGS are very low in these countries.
Angola had the highest proportion of ISA (88.21% of built-
up area) and a very low proportion of UGS. Some African
countries such as Sudan (Figure 8) had low ISA proportions
as well as extremely low UGS proportions.

4.3 Implications for urban planning

High densities of ISA induced by fast urban clustering and
filling expansion will increase the risk of extreme summer
heat waves or storm floods in urban agglomerations. Solu-
tions to this problem are important for designing a beautiful
China and building harmonious and livable cities in a new
era (Ding, 2018). The average proportion of ISA in China’s
built-up area is 67%. Some megacities and urban agglom-
erations have high densities of ISA with percentages greater
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than 80%; for example, the Beijing-Tianjin-Hebei and
Yangtze River Delta urban agglomerations have ISAs of over
1000 km® each (Wang et al., 2012).

We found that the residential, commercial, industrial and
other functional zones were mosaicked in the megacities of
China. For example, the average ISA percentages in re-
sidential and commercial zones were approximately 60%
and 70% in Beijing and Shanghai, respectively. The differ-
ence between commercial and residential zones is obvious in
American cities such as New York and Chicago, where the
ISA proportions in commercial zones and residential zones
are 60—70% and 45-55%, respectively (Kuang et al., 2014;
Chaudhuri et al., 2017). The proportion of ISA in urban
agglomerations is obviously high as a result of the low
permeability in built-up areas. We emphasize the need to
control an “ecological redline” in administrative departments
to avoid high-density ISA expansion. The “ecological red-
line” control of built-up areas in megacities and the con-
struction of ecological patches and corridors within and
between cities in urban agglomerations need to be
strengthened to prevent urban filling and clustering expan-
sion (Wu, 2018).

In view of the high proportion of ISA in developing and
underdeveloped countries, we recommend that these coun-
tries take effective measures to appropriately strengthen the
construction of urban green infrastructure and to improve
water permeability and thermal comfort for urban dwellers
(William et al., 2018). These countries should constrain city
sizes and reduce ISA proportions in megacities and urban
agglomerations to improve the functions of urban ecosystem
services and urban environments. The proportion of ISA
should be strictly controlled within 25% in the sub-basins of
urban agglomerations.

5. Conclusion

This study developed the first high-precision dataset on
global ISA and UGS fractions. Our estimates indicated that
the total area of the world’s urban land was 76.29x10" kmz,
which was primarily distributed in central Europe, eastern
Asia, and central and eastern North America. The top 50
countries accounted for 59.32% of the world’s urban land,
with the top three countries being the United States (urban
land: 15.78x10° kmz), China (urban land: 5.79x10" kmz),
and Canada (urban land: 5.65x 10* kmz).

The total ISA in the world was 45.26x10* km’, accounting
for 60.01% of the urban land worldwide, and these areas
were mainly distributed in central and southern North
America, eastern Asia, and most regions of Europe, as well
as coastal regions around the world. On the continental scale,
North America, Europe, and Asia accounted for 84.25% of
the ISA in the world. The fractional urban ISA on the con-

October (2019) Vol.62 No.10 1605

tinental scale followed the order of Africa (>70%) > South
America > Oceania > Asia (>60%)> North America > Eur-
ope (>50%). Europe, North America, and Asia had relatively
large ISAs in their urban areas, but the fractions of ISAs were
low. Meanwhile, the UGS area followed the order of North
America (9.24x10% km®) > Europe (7.34x10* km®’) > Asia
(6.28x10* km”) > South America (1.90x10* km®) > Oceania
(0.41x10* km®) > Africa (0.39x10" km®). UGS was con-
centrated in southeastern North America, southwestern
Europe, and eastern and western Asia. North America,
Europe, and Asia accounted for 89.44% of the total UGS in
the world.
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