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Abstract: Urban areas and its evolution are important anthropogenic indicators and human ecological footprints, and play decisive roles 

in environmental change analysis, global geo-conditional monitoring, and sustainable development. China has the highest rate of urban 

expansion and has emerged as an urban expansion hotspot worldwide. In this paper, the progress of studies on Chinese urban expansion 

based on remote sensing technology are summarized and analyzed from the aspects of urban area definition, remotely sensed imagery 

applied in urban expansion, monitoring methods of urban expansion, and urban expansion applications. Existing issues and future direc-

tions of Chinese urban expansion are discussed and proposed. Results indicate that: 1) The fusion of multi-source remotely sensed im-

agery is imperative to meet the needs of urban expansion with various monitoring terms and frequencies on different scales and dimen-

sions. 2) To guarantee the classification accuracy and efficiency and describe urban expansion and its influences on local land use si-

multaneously, the combination of visual interpretation and automatic classification is the tendency of future monitoring methods of ur-

ban areas. 3) Urban expansion data have become the prerequisite for recognizing the urban development process, excavating its driving 

forces, simulating and predicting the future development directions, and also is conducive to revealing and explaining urban ecological 

and environmental issues. 4) In the past decades, Chinese scholars have promoted the application of remote sensing technology in the 

urban expansion field, with data construction, methods and models developing from the quotation stage to improvement and innovation 

stage; however, an independent and consistent urban expansion data on the national scale with long-term and high-frequency (such as 

annual monitoring) monitoring is still lacking. 
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1  Introduction 

Urban areas are the most powerful places where humans 
can affect the natural environment (Sarvestani et al., 
2011). Although urban areas account for significantly 
small proportion of the global area, they load 
high-density population and social economic activities 
(Sarvestani et al., 2011; Liu et al., 2016a). Urbanization 

has entered into a rapid development period in the 21th 
century and become one of the most obvious features of 
global changes. Urban expansion, as a hot topic of urban 
geography, is the most direct manifestation of global 
urbanization in space with urban areas increasing 
gradually and extending outward constantly during the 
acceleration of urbanization process, which is closely 
related to urban morphology, land utilization efficiency, 
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economic development, and the ecological environment 
(Morris, 2013). In 1975, only 37.7% of the global popu-
lations were urban dwellers, 1990 already 43%, 2008 
little over 50%, and in 2050 the expected number is 
67.2% (Taubenböck et al., 2014). It is predicted that 
almost all the expected future world population growth 
will be absorbed by urban areas (Department of Eco-
nomic and Social Affairs, 2009). As the direct anthro-
pogenic indicator and human ecological footprints, ur-
ban areas are constructed and developed to meet the 
needs of life and production (Kareiva et al., 2007). Cur-
rently, global urban land is expanding at twice the rate 
of population growth, and is expected to exceed 1.1 mil-
lion km2 by 2050 (Angel et al., 2011). The massive dy-
namics of urban sprawl, which have changed the land 
cover and morphology of the earth’s surface, often 
overcharge the capability to govern, organize and plan 
new settlements, and affect local, regional and even 
global climatic, biochemical, and hydrological processes 
(Vitousek et al., 1997; Foley et al., 2005; Seto et al., 
2012). Therefore, it is significant to scientifically moni-
tor urban areas and analyze its spatial-temporal charac-
teristic for recognizing environmental changes, global 
geo-conditions and urban sustainable development 
(Verburg et al., 2011).  

Chinese government attaches great importance to ur-
ban area monitoring. As an important monitoring object, 
urban areas appeared frequently not only on ‘one map’ 
project organized by the Ministry of Land and Re-
sources in 2009 but also on several national land sur-
veys carried out by the State Council. Since the imple-
mentation of ‘reform and opening-up’ policy in 1978, 
China has experienced overwhelming urbanization. 
With the urbanization level soaring from 17.92% in 
1978 to 56.10% in 2016 (NBSC, 2016), urban areas in-
creased dramatically. During the period between 1981 
and 2012, urban areas in China expanded with a net 
growth of 513% (Chen et al., 2016). After a global 
comparison, Seto et al. (2011) revealed that China had 
the highest rate of urban expansion and emerged as the 
hotspot of urban expansion worldwide. Although urban 
expansion is an inevitable requirement for economic 
development and enhancement of life quality, this proc-
ess generates some negative effects in China, such as 
cultivated lands losses (Tan et al., 2005), air and water 
pollution (Che and Shang, 2004), urban heat island (Li 
et al., 2010), potential flood hazard, and losses of eco-

system services (Xie et al., 2018). 
Traditional urban expansion studies mainly depend 

on historical statistical data, which is time-consuming 
and high-cost but shows low accuracy (Liu and Li, 
2012). Since the launch of the first Earth observation 
remote sensing system, Landsat Multispectral Scanner 
System (or Landsat 1), scientists have explored the use 
of satellite imagery extensively to derive urban areas 
using different computer-aided processing tech-
niques. As an effective tool for detecting urban expan-
sion on different scales and dimensions, satellite remote 
sensing benefits from large-area synchronous, real-time, 
and limitless observations and is widely used for the 
detection of urban areas. With the development of re-
mote sensing technology and the free release of the 
Landsat archive, various remotely sensed imagery are 
widely used in the long-term monitoring of urban ex-
pansion (Wulder et al., 2011). The powerful functions of 
Geographic Information System (GIS) technology pro-
vide convenient means to analyze urban area spatial 
dynamics and relevant auxiliary data (Ram and Ko-
larkar, 1993). Remote sensing technology was used a bit 
earlier abroad than in China on urban expansion moni-
toring. Ellefsen et al. distinguished the boundary be-
tween the urban area and the countryside in the San 
Francisco region based on NASA’s first Earth Resources 
Technology Satellite (ERTS-1, renamed Landsat-1 later) 
data (Ellefsen et al., 1973). Chinese remote sensing ap-
plication appeared in the late 1970s and the early 1980s 
and developed rapidly. In the past decades, applications 
of remote sensing technology in the urban expansion 
field in China were promoted, with data construction, 
methods and models developing from the quotation 
stage to the improvement and innovation stage. More 
and more studies about urban expansion by employing 
remote sensing technology were carried out in China. 
During 1995–2017, 30.46% of literatures about this 
study published by Elsevier (http://www.sciencedirect. 
com/) were related to China, and this proportion kept 
growing with a high rate of 44.80% per year (Fig. 1a). 
Nowadays, remotely sensed imagery has become the 
primary data sources for detecting the Chinese urban 
expansion process. The application of remote sensing on 
urban expansion becomes increasingly extensive with 
the monitoring scale ranging from small to large, moni-
toring frequency ranging from low to high, monitoring 
period ranging from short to long, data source ranging 
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from single source to multi-source then further to 
multi-source fusion, monitoring method developing 
from simple visual interpretation to automatic classifi-
cation then further to complex classification models, and 
application of urban expansion from simplex dynamic to 
comprehensive analysis with social, economic, and 
natural auxiliary data. At present, studies about urban 
expansion in China by employing remote sensing tech-
nology are basically synchronize with these in other 
regions with the top ten keywords of urban expansion, 
remote sensing, GIS, simulation, driving force, land use, 
urbanization, dynamic monitoring, landscape pattern, 
and spatial expansion (Fig. 1b ). 

According to the rapid development of urban expan-
sion studies in China, this study aims to review the spe-
cific topic of satellite remote sensing tools applied to 
Chinese urban expansion from four aspects, including 
urban area definition, remotely sensed imagery applied 
in urban expansion, monitoring methods of urban ex-
pansion, and urban expansion applications. Firstly, re-
ferring to multiple and inconsistent explanations of ‘ur-
ban areas’, the definitions of ‘urban areas’ is discussed 
and summarized. Then, multi-source remotely sensed 
imagery for monitoring Chinese urban areas, including 
optical, Radar and Lidar imagery, are described, of 
which the optical imagery are mainly compared accord-
ing to their spatial resolution. Next, characteristics and 
the applicability of two monitoring methods of urban 
areas, the visual interpretation method and the automatic 
classification method, are discussed. Finally, urban ex-
pansion applications from the aspects of analyses of 
spatial-temporal characteristics, driving forces, simula-
tion and prediction, and ecological and environmental 

effects of urban expansion are illustrated. This study 
introduces policy and decision makers, geographers, 
economists, urban planners, and sociologists to studies 
that have used remote sensing as input data to analyze 
the issues of urban expansion and its ecological and en-
vironmental effects and further recognize Chinese 
socio-economic status and sustainable development. 

2  Definition of urban areas 

So far, there is no uniform or globally consistent defini-
tion of ‘urban areas’. Due to the different data sources, 
methods and inconsistent definitions of ‘urban areas’ 
(Liu et al., 2014c), the estimates of the global urban land 
vary from less than 1% to 3% of global land area 
(Schneider et al., 2010; CIESIN et al., 2011). Therefore, 
it is necessary to scientifically recognize different defi-
nitions of the urban area. From the aspect of general 
conception, the term ‘urban area’ refers to the total area 
within the administrative boundaries of a city, including 
all the impervious surfaces, vegetated areas, barren land, 
and water bodies (McIntyre et al., 2000; Liu et al., 
2014c). However, from the aspect of narrow conception, 
this term defined based on the physical attributes and 
composition of the Earth’s land cover is often recog-
nized as built-up lands or built-up areas (Liu et al., 
2014c; He et al., 2017), and is considered as places 
dominated by the built environment, including all 
non-vegetative, human-constructed elements, such as 
roads, buildings, runways, etc. (i.e., human-made sur-
faces) (Schneider et al., 2009). Obviously different from 
urban areas, rural areas are always located in spaces 
between cities and consist of small groupings of  

 

Fig. 1  Literature statistics about urban expansion in China: (a) number of literatures searching from Elsevier website; (b) the top ten 
keywords about urban expansion in China searching from the Chinese Knowledge Resource Integrated Database in 1995–2017 
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buildings where residential land use and activities re-
lated to agriculture are dominant (Muilu and Rusanen, 
2004), and are easily conflated with urban areas in ur-
ban-rural fringe or pre-urban areas with intensive land 
use change, uneven economic development and com-
plex population composition (Sharp and Clark, 2008; 
Wang and Qiu, 2017). Numerous literatures have docu-
mented many effective distinguishing methods of urban 
areas from rural areas. 

When applied in the field of remote sensing, many 
different understandings about urban areas emerge. On 
the whole, the main reason for these differences is to 
comprehend urban areas from the perspective of land 
use (Carter, 1981) or from the perspective of land cover 
(Wu and Li, 2010) (Table 1). Besides considering the 
physical attributes of Earth’s land cover, Zhang et al. 
(2014) defined urban areas by referring to the ‘GB/T 
50280-98 City Planning Basic Terminology Standards’ 
published in 1999 (SMBQTS, 1999). This definition 
was well employed in constructing urban expansion of 
Chinese major cities in the past four decades with 
long-term and high-frequency, and seven-phases (the 
late 1980s, 1995, 2000, 2005, 2008, 2010, and 2015) of 
Chinese urban lands on national scale (Liu et al., 2012a; 
Zhang et al., 2014; Zhang et al., 2016a). As a key vari-
able for determining the degree of urbanization and en-
vironmental quality in cities, impervious surfaces, in-
cluding buildings, concrete, and railways extracted from 
the remotely sensed imagery should be given the label 
of ‘urban areas’ (Martinuzzi et al., 2007). Numerous 
literatures have documented the rapid urbanization and 
urban expansion in China based on the information of 
impervious surfaces from micro (Yue, 2009) to macro 
scales (Zhang et al., 2017). However, from the perspec-

tive of land use, impervious surfaces are much less than 
urban areas actually (Martinuzzi et al., 2007). Further-
more, Chen et al. (2014) insisted that artificial surfaces 
can also approximately replace urban areas. In sum-
mary, most scholars define ‘urban areas’ according to a 
criteria pertaining to some aspect of a region’s popula-
tion, economy, or built infrastructure. In short, it refers 
to population centers as well as economic hubs with 
very high degree of soil sealing and continuous built-up 
areas. 

3  Remotely Sensed Imagery for Monitoring 
Urban Areas 

Since the launch of the first Earth observation remote 
sensing system—Landsat, multi-source remote sensed 
imagery from low to high spatial resolution, have been 
well employed to obtain the urban areas in certain years, 
and then investigated the urban expansion process 
within the temporal interval between the selected years. 

Low-resolution (LR) remotely sensed imagery from 
250 to 2000 m, the Moderate Resolution Imaging Spec-
troradiometer (MODIS) and the Defense Meteorological 
Satellite Program’s Operational Linescan System 
(DMSP-OLS) in particular, are often employed to de-
lineate urban expansion on national or even global 
scales. Schneider et al. (2009) mapped the global distri-
bution of urban land use at 500 m spatial resolution us-
ing remotely sensed imagery from the MODIS, and took 
two urbanized regions (the Northeastern United States 
and Southeastern China) for example to reveal the ap-
plicability of this LR imagery. Finally, he found that the 
urban footprint occupies less than 0.5% of the Earth’s 
total land area with the accuracy higher than previously  

 
Table 1  Comparisons of different definitions of urban areas 

Relevant definition Explanation Source 

Urban area 
 

Land use which is comprehensively surrounded by urban areas, such as residential areas, factories, busi-
ness quarters and so on, should belong to urban areas. 

Carter, 1981 
 

 
Even a greenhouse for growing vegetables which was surrounded by urban areas should belong to culti-

vated land instead of urban areas. 
Wu and Li, 2010 

 

 
The central built-up areas where buildings are developed contiguously with available municipal utilities 

and public facilities, including all artificially constructed elements, such as roads, buildings, and parks with 
vegetation and water. 

SMBQTS, 1999; Liu et al., 
2012a; Zhang et al., 2014; 

Zhang et al., 2016a 

Impervious surfaces 
 

Anthropogenic features through which water cannot infiltrate into the soil, such as roads, driveways, side-
walks, parking lots, and rooftops. 

Martinuzzi et al., 2007; Yue, 
2009; Zhang et al., 2017 

Artificial surfaces 
 

Mainly consist of urban areas, roads, rural cottages and mines based on asphalts, concrete, sand and stone, 
bricks, and glass. Exclude urban green space and water bodies. 

Chen et al., 2014 
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released MODIS-based map at 1 km but lower than the 
Landsat-based 30 m classification. Liu et al. (2012b) ex-
tracted urban dynamics in China by using DMSP-OLS 
nighttime light data from 1992 to 2008. Xie and Weng 
(2017) firstly generated the enhanced nighttime lights 
time-series (NLT) from 1992 to 2013 by implementing 
global inter-calibration, vegetation-based spatial ad-
justment, and urban archetype-based temporal modifica-
tion. Their methodology would be more effective for 
updating and backdating global urban maps if the fur-
ther fusion of NLT data with higher spatial resolution 
imagery was implemented. Moreover, the six major 
products of global land cover, established by America 
and Europe with spatial resolutions of 300 or 1000 m, 
contain Chinese urban areas. However, urban areas in 

these products range from 0.27 × 105 to 3.52 × 105 km2 

and show huge differences (Potere and Schneider, 
2007). Although LR remotely sensed imagery have su-
perior in describing national and above urban expansion, 
they have some limitations, which are embodied in the 
following two points. 1) The relatively low locational 
accuracy of the detected urban changes was observed 
although the utilization of LR remotely sensed imagery 
successfully detected urban size change. 2) The coarse 
geometric resolution is a clear restriction tracing the 
small-scale urban outlines, extents, and patterns. 

Medium-resolution (MR) remotely sensed imagery 
from 10 to 100 m, the Landsat system data in particular, 
have become the main source for exhibiting Chinese 

urban expansion. Numerous literatures have docu-
mented the rapid urban expansion and land-use changes 
in China based on Landsat system data from national 
(Liu et al., 2012a), regional (Yang et al., 2012), and iso-
lated case cities (Cai et al., 2007). Studies on specific 
types of cities, such as provincial capitals (Liu et al., 
2016b), megacities (Yao et al., 2009), and coastal cities 
(Shi et al., 2015) have also been conducted. Moreover, 
Chinese MR Satellite data, such as ‘Beijing 1’ micro 
satellite (BJ-1) and China-Brazil Earth Resources Satel-
lite (CBERS), are booming in recent years and make 
great contributions to urban expansion monitoring on a 
national scale (Li et al., 2009). Although MR imagery 
are appropriate for different-scale urban expansion 
monitoring and have higher accuracy in detecting urban 
areas than LR imagery, it is challenging to extract the-
matic maps of high temporal resolution (such as annual 
monitoring) for MR remotely sensed imagery on large- 
scale. 

Theoretically, extracting urban expansion information 
from high-resolution (HR) remotely sensed imagery 
(with the spatial resolution less than 10 m), can not only 
obtain the distribution of urban areas and its evolution 
with higher accuracy, but also provide sample training 
regions for urban lands extraction and accuracy calcula-
tion from MR or LR imagery. High spatial resolution 
optical satellite sensors, such as IKONOS, Gaofen-1 
satellite (GF-1), Quickbird, GeoEye, and WorldView, 
have been employed in the urban expansion of China.  

 
Table 2  Comparisons of multi-source remotely sensed imagery for detecting urban areas 

 Resolution Reparative imagery Advantages Disadvantages 

Low 
resolution 

MODIS; DMSP-OLS Describing urban areas on national scale 
and above is easy to implement 

Detecting results with Low locational accu-
racy; hard to trace the small-scale urban areas

Medium 
resolution 

Landsat MSS, TM/ ETM+ and 
OLI; CBERS; HJ–1; BJ-1 

Having higher accuracy than LR im-
agery; can detect urban expansion on 

different scales 

Restrained when extracting some thematic 
maps on large-scale 

Optical imagery 

High 
resolution 

IKONOS; GF-1; Quickbird;  
GeoEye; WorldView 

Always as the sample training regions Applicable on small scale; between-class 
spectral confusion, within-class spectral varia-

tion, shadowing, and relief displacement in-
fluence the classification accuracy 

Radar and Lidar 
imagery 

– – Independent of the weather or environ-
mental conditions; easy to implement 3-D 

urban expansion 

Lack of large-scale studies; their applications 
are restrained by costs and availability 

Notes: Landsat MSS, TM/ETM, and OLI are the Landsat system data, indicating the Landsat Multi-Spectal Scanner, Thematic Mapper or Enhanced Thematic 
Mapper Plus, and Operational Land Imager, respectively. MODIS, DMSP-OLS, CBERS, HJ-1, BJ-1, GF-1, LR, and 3-D are the abbreviations of the Moderate 
Resolution Imaging Spectroradiometer, the Defense Meteorological Satellite Program’s Operational Linescan System, China-Brazil Earth Resources Satellite, 
Chinese Environmental Satellite, ‘Beijing 1’ micro satellite, Gaofen-1 satellite, low-resolution, and three-dimensional, respectively. Radar is an object-detection 
system that uses radio waves to determine the range, angle, or velocity of objects, and Lidar is a surveying method that measures distance to a target by illuminating 
the target with pulsed laser light and measuring the reflected pulses with a sensor (https://en.wikipedia.org/wiki). Both of Radar and Lidar imagery are not classified 
by spatial resolution. 
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However, opposite to theoretical recognition, users can 
not derive larger scale of urban expansion maps from 
these HR imageries with very high accuracy. On the one 
hand, between-class spectral confusion and within-class 
spectral variation in HR imagery would degrade the 
separability between urban areas and other land cover 
features, such as bare lands, bottomlands and sands. On 
the other hand, though intelligent image segmentation 
and object-based classification techniques have been 
proposed to replace pixel-based classification to deal 
with these data, the effects of shadowing and relief dis-
placement still pose considerable challenges in the de-
rived products (Hu et al., 2008). It is revealed that the 
development of remote sensing imagery classification 
techniques did not show a significant upward trend in 
terms of the overall accuracy in the last two decades 
(Wilkinson, 2005; Hu et al., 2008). 

Optical remotely sensed imagery have become the 
main source for monitoring urban areas due to their 
relatively rich spectral information, but they are sensi-
tive to atmospheric and light conditions and cannot ac-
quire data at day and night independent of the weather 
or environmental conditions. Due to the active use of an 
own source of illumination, the radar imagery has a dis-
tinct advantage compared to optical sensors especially 
to provide data for consistent mapping of large areas at 
supra-regional level (Taubenböck et al., 2012). Numer-
ous literatures have confirmed that the Radar imagery 
has an excellent advantage for monitoring urban con-
glomerations and their development (Dell’Acqua and 
Gamba, 2003; Liu, 2009). Moreover, based on multi- 
source optical imagery from LR to HR, two-dimensional 
(2-D) urban expansion has been well mapped on differ-
ent scales. However, urban expansion in the third di-
mension is neglected using this imagery (Taubenböck et 
al., 2012). Though case studies have shown the high 
geometric and thematic capabilities of very high resolu-
tion (VHR) optical data (with the spatial resolution less 
than 1 m) (Liu, 2009; Baud et al., 2010) or multi-                
sensoral combination of VHR satellite imagery with HR 
digital surface models even allow the derivation of 
three-dimensional (3-D) city models (Heiden et al., 
2007), most of these approaches remain at the stage of 
case studies for individual or few cities and provide only 
a single time-step. Radar and light detection and ranging 
(Lidar) imagery can support to integrate the third di-
mension for describing urban expansion. However, pub-

lished researches always focus on case studies on city 
scale and lack multi-temporal detection (Zhang, 2005; 
Xue and Liu, 2017). Furthermore, costs and availability 
of Radar and Lidar imagery may be a limitation for fu-
ture monitoring of third dimension urbanization. 

4  Monitoring Methods of Urban Areas 

Scientists have extensively explored the use of satellite 
imagery to derive urban areas by different com-
puter-aided processing techniques, which mainly in-
clude two methods: visual interpretation method and 
automatic classification method.  

4.1  Visual interpretation method 
Visual interpretation is a primary, direct, and basic in-
formation extraction method based on remote sensing 
technology (Zhang et al., 2016a), and usually carried out 
by artificial digitization on the basis of analyzing the 
professional knowledge and experience about remotely 
sensed imagery and regional conditions comprehen-
sively (Zhang et al., 2014). Given the effects of the 
self-characteristics of remotely sensed imagery, the in-
formation complexity of urban areas, and the limited 
imagery processing techniques currently available, the 
visual interpretation method is often adopted to monitor 
long-term urban areas on regional and national scales 
(Shi et al., 2015). Since the late 1990s, the Chinese 
Academy of Sciences (CAS) has established the Chi-
nese Land Use Database (CLUD) from the late 1980s to 

2015 at a scale of 1000 100׃ (Liu et al., 2014a; Zhang et 

al., 2014), covering seven-phase datasets. Land use in 
CLUD was classified into cultivated land, woodland, 
grassland, water body, built-up land, and unused land 
and further classified into 25 sub-types. The urban area 
was one of the sub-types of built-up lands. These seven 
CLUDs were produced through visual interpretation. 
Field surveys and random sample checks have shown 
that the overall interpretation accuracy for these seven 
databases is higher than 90%, and the interpretation for 
urban areas has higher accuracy than other types (Zhang 
et al., 2014). To explore the evolution characteristics of 
urban expansion in depth, Zhang (2006) pioneered the 
long-term and high-frequency monitoring of the urban 
expansion of municipalities, capitals of provinces and 
autonomous regions, and special administrative regions 
in China from the 1970s to 2005. Monitoring includes 
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the urban expansion process and its effect on land use. 
Based on the previous work, Zhang developed the 
monitoring objects to 75 cities in 2017 and completed 
the urban expansion monitoring in the 1970s–2017. Ur-
ban area patches with a shorter side greater than four 
Landsat Thematic Mapper or Enhanced Thematic Map-
per Plus (TM/ETM+) imagery pixels were mapped, ex-
cluding those patches that are only connected by roads. 
Monitoring frequencies of these 75 cities ranged from 
14 phases (Urumqi City) to 32 phases (Hengshui City). 
With the increasing diversity of remotely sensed im-
agery and easy access to these data, annual updates can 
be guaranteed basically after 2005. The monitoring re-
sults of Zhang were well used in China’s development 
survey and urbanization potential estimation. Although 
visual interpretation is a flexible information extraction 
method given the advantages of combining geoscience 
knowledge and spatial information, it needs a great deal 
of manpower and is easily affected by subjective factors. 
Poor efficiency and precision control are the major 
problems of visual interpretation when this method is 
widely used. However, this method is relatively mature 
with high accuracies above 90% (Liu et al., 2005), and 
is still a relatively successful and universally accepted 
classification method (Shi et al., 2012). Numerous lit-
eratures have documented that this method is feasible on 
different scales, and the bigger the scales it applies on, 
the more obvious of its high classification accuracy 
shows (Table 3). 

4.2  Automatic classification method 
Automatic classification method is accomplished by 
using computer technology. Though some processes 
about this method is carried out based on manual deci-
sions (for instance, the selection of training samples 
when employing the supervised classification), its major 
process is distinguishing and representing the composi-

tion of different bands of remotely sensed imagery 
(Zhang et al., 2016b) by computer automatically. Nu-
merous of literatures have documented automatic classi-
fication methods since the 1980s. Based on multi-source 
remote sensing images, various automatic classification 
methods have been employed to monitor urban areas, 
which can be divided into three categories: traditional 
methods based on statistical theory, artificial intelli-
gence (AI) algorithms, and other algorithms (Luo, 
2011). Traditional algorithms can be further divided into 
supervised and unsupervised classifications. Unsuper-
vised classification methods mainly consist of K-means 
algorithm, iterative self-organizing data analysis tech-
nique algorithm, independent component analysis algo-
rithm, dynamic clustering algorithm and so on. The 
classification accuracy of unsupervised algorithms is 
generally low. Representative supervised classification 
methods mainly contain minimum distance algorithm, 
parallelpip, Mahalanobis distance algorithm, maximum 
likelihood classification, and neural network algorithm. 
Among these algorithms, neural network algorithm, one 
of the biological inspired computational techniques with 
a highly non-linear modeling (Bou-Rabee et al., 2017), 
is widely applied with high classification accuracies. 
Typical AI algorithms mainly include decision tree clas-
sification, expert system classification, genetic algo-
rithm, particle swarm optimization algorithm, support 
vector machine (SVM) algorithm. Classification accura-
cies of AI methods are obviously higher than that of 
statistical theory based methods. Among numerous of AI 
algorithms, SVM algorithm, is relatively exceptional 
and plays an important role in extracting urban areas or 
impervious layers. As a promising machine learning 
methodology, this algorithm aims to find a hyperplane 
that separates the dataset into a discrete predefined 
number of classes in a fashion consistent with the train-
ing examples (Mountrakis et al., 2011). Yu et al. (2017) 

 
Table 3  The comparison between visual interpretation methods and automatic classification method 

Compared indices Visual interpretation method Automatic classification method 

Operation modes Manpowered Automation 

Classification results Relatively subjective Relatively objective 

Operation efficiency Relatively low Relatively high 

Displaying format Grid and vector Grid 

Accuracy Relative high Relative low 

Scales of application All kinds of scales All kinds of scales 

Monitoring effects of urban expansion on land use Easy Hard 
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extracted urban areas in 11 megacities based on SVM 
algorithm with the average overall accuracy and Kappa 
high of 87.90% and 0.87, respectively. Other classifica-
tion methods mainly consist of the combination of re-
mote sensing and GIS method, hierarchical classifica-
tion, fuzzy classification, object-oriented method, clas-
sification on the basis of texture and structure informa-
tion, spectral structure threshold method, multiple clas-
sifier composition-based classification method, and 
geoscience expert knowledge based classification 
method. Though these methods have different advan-
tages in monitoring urban areas, they are not perfect. 
For example, the widely used spectral structure thresh-
old method is carried out by combining the spectral 
characteristics of urban areas and setting thresholds. 
However, eliminating the effects of the same object with 
different spectrum and different objects with the same 
spectrum using this method is difficult. For instance, 
bare lands have an obvious effect on the extraction of 
urban areas (Liu et al., 2006). Although automatic clas-
sification methods have wider applications than visual 
interpretation methods for their high efficiency, and 
their improvements have raised the precision and effi-
ciency of classification constantly (Jia et al., 2011), 
some limitations still exist in the application of these 
methods. 1) The high efficiency of these methods with 
high accuracy is mainly manifested in the calculation 
process on regional and below scales. Considering the 
whole extraction process of urban areas, the efficiency 
of these methods may be not higher than that of the in-
terpretation method. 2) Accuracies of these methods are 
often validated based on the visual interpretation results, 

and some phenomena like ‘cloud contamination’, ‘salt 
and pepper’ (Fig. 2), etc. are hard to avoid when em-
ploying these methods. Furthermore, the effect of ‘dif-
ferent objects with the same spectrum’ often exist 
among urban lands, rural settlements and indus-
trial-traffic lands, which increase the difficulty in ex-
tracting urban lands by using automatic classification 
methods (Fig. 2). Therefore, automatic classification 
methods usually have lower accuracies than visual in-
terpretation methods. 3) The classification results of 
these methods are commonly displayed in a grid format, 
which leads to deficiencies in cartography. 4) Exhibiting 
the effects of urban expansion on land use using these 
methods is difficult. 

5  Urban Expansion Applications 

Urban expansion based on remote sensing technology in 
China began in the 1980s and mainly consisted of 
analyses of spatial-temporal characteristics, driving 
forces, simulation and prediction, and the ecological and 
environmental effects of urban expansion.  

5.1  Analyses of spatial-temporal characteristics of 
urban expansion 
Analysis of spatial-temporal characteristics of urban 
expansion is the prerequisite for recognizing urban ex-
pansion process, exploiting its driving mechanism, 
simulating and predicting future expansion tendency, 
and revealing urban expansion influences on ecology 
and environment (Liu et al., 2016a). With the deepening 
of urban expansion theory, urban land percentage,  

 

Fig. 2  Extraction results of urban areas in Shanghai, China in 2015 using the visual interpretation method and support vector machine 
algorithm: remotely sensed imagery of Shanghai (a), and extracted urban areas of Shanghai by the visual interpretation method (b) and 
the support vector machine algorithm (c) 
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(annual) expansion intensity, (annual) increase magni-
tude, (annual) expansion rate, and (annual) uniform in-
tensity (Su et al., 2011; Estoque and Murayama, 2015; 
Kantakumar et al., 2016) have become typical indicators 
in measuring the magnitude of urban expansion, which 
provides intuitive and comparative figures to describe 
and quantify urban expansion. Moreover, supported by 
remote sensing and GIS technology, numerous of land-
scape metrics are employed for describing and analyz-
ing urban expansion from the perspective of landscape 
ecology and discovering rules from the disordered urban 
land patches. From the perspective of landscape ecol-
ogy, urban expansion is an important ecological process. 
FRAGSTATS is the most representative software used 
for landscape analysis and has been widely used in 
studies about urban expansion, which was developed by 
Forest Science College of Oregon State University and 
has been updated to version 4.2. This software consists 
of three levels of indices, namely, patch, class and land-
scape levels, respectively. Frequently-used landscape 
metrics include patch density metrics, patch area met-
rics, agglomeration and dispersion index, compact ratio, 
shape index, fractal dimension, diversity index and so 
on (Shang, 2011). 

Numerous studies have documented the rapid urban 
expansion and land-use changes of Chinese cities from 
micro to macro scales, but most of these studies focus 
on developed cities or regions of China or respond to 
national policies. ‘The coordinated development of Bei-
jing-Tianjin-Hebei (BTH) region’, ‘the Belt and Road’, 
and ‘Yangtze River Economic Belt’ are currently the 
three major national strategies of China. An increasing 
number studies about urban expansion focus on the 
BTH region, cities, or regions along the Belt and Road 
and Yangtze River Delta.  

5.2  Driving forces of urban expansion 
Excavating driving forces is one of important contents for 
urban expansion, and is also the prerequisite for simulating 
and predicting the future trends of urban expansion. After 
detecting urban expansion based on remote sensing tech-
nology, scholars have recognized numerous driving 
forces of urban expansion, which are summarized into 
two major categories, namely, biophysical factors and 
socioeconomic factors (Zhang and Su, 2016), and are 
divided into certain sub-categories for specific cases, 
which mainly include the topology, precipitation, de-

mography, natural resources, soil quality, industrial 
structure, economic growth, market transition, tourism, 
infrastructure, and policy. 

At present, studies on the driving force of Chinese 
urban expansion have been carried out on multi-scales, 
such as national (Tan et al., 2003), regional (Zhu et al., 
2001), and city scales (Liao et al., 2007). According to 
research methods, these studies are summarized into two 
types, namely, qualitative and quantitative studies. The 
former is mainly for describing the effects of regional 
natural conditions, social economic situations, and poli-
cies on urban expansion. The latter aims to quantify the 
effects of each driving factor by modeling the linear or 
nonlinear connections between urban area indices and 
driving factors and further identify the powerful driving 
factors for urban expansion. Common quantitative 
methods include grey relational analysis, correlation 
analysis, multivariate statistical analysis, factor analysis, 
principal component analysis, maximum likelihood 
method, probabilistic relaxation, and logistic model (Fan 
et al., 1997; Shi et al., 2000a; Tan et al., 2003; Wang et 
al., 2005; Zhang et al., 2005; Piao and Ma, 2006; Li et 
al., 2014). The significant urban expansion in China is 
due to the comprehensive effects of various factors. A 
rising economic power and the leading role of megaci-
ties in China make urban expansion inevitable (Chen, 
2003). Generally, economic development, population 
growth, policy, and transportation infrastructure are the 
main driving factors for urban expansion in China. 
However, the effects of different factors on different 
cities in different time are diverse. Therefore, multiple 
urban morphologies and urban expansion modes in 
China are formed, and it is significant to compare dif-
ferent driving factors and analyze their effects and pow-
ers. Though driving force explorations have become one 
research hotspot of urban expansion and been widely 
and vigorously studied in China, some problem are ex-
pected to overcome. 1) Though quantitative analysis can 
reveal the numerical relationships between urban ex-
pansions and driving factors, the selection of quantita-
tive analysis indices is subjective, and some driving 
factors are inapplicable for quantitative analysis, such as 
policies. 2) Much attention has been paid to urban ex-
pansion driving force, they mainly focus on a single city 
or hotspot regions, and studies on national scale are 
relatively scarce. 3) Differences of various driving 
forces are seldom compared and evaluated. 
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5.3  Simulation and prediction of urban expansion 
As the important composition of urban expansion stud-
ies, the simulation and prediction of urban expansion is 
the judgment and speculation process of urban area de-
velopment based on models, abundant experience, and 
survey data by fully considering urban expansion char-
acteristics and driving forces. They are closely related to 
urban planning. The simulation and prediction of urban 
expansion are mainly accomplished based on mathe-
matical models, which include: 1) simulations and pre-
dictions based on occurred urban expansion and 2) 
driving mechanism. The former is carried out based on 
urban expansion in time series with the temporal char-
acteristics of urban expansion and urban expansion in-
dices (e.g., expansion intensity, increased areas, and 
expansion rate) as the independent and dependent vari-
ables, respectively. Representative models include the 
linear regression model, grey prediction model (Liu and 
Shen, 2004), and Markov model (Shi et al., 2000b). The 
latter is generally constructed with the driving forces of 
urban expansion and urban expansion indices as the in-
dependent and dependent variables, respectively. Typi-
cal models consist of the multiple regression analysis 
model (Lei, 2008), neural network model (Jiang et al., 
2007), and cellular automata (CA) model (Couclelis, 
1987). 

Dynamic spatial models are useful tools to under-
stand the urbanization process and support urban plan-
ning and management policies. CA model, invented in 
the 1960s, is a typical dynamic model using local inter-
actions to simulate the evolution of a system and has the 
great potential to support land-use planning and policy 
analysis for fast-growing regions (Li et al., 2017a), 
which is often composed by the space, cells that have a 
discrete number of states, the neighbourhood template 
and the transition rules (White and Engelen, 1997), and 
has become the most effective model for simulation and 
predication of urban expansion due to its strong ability 
to represent and simulate the spatial processes underly-
ing the spatial decisions related to neighbourhood inter-
actions (White and Engelen, 1997; Wu and Webster, 
1998). Spatial-temporal complexities of urban expan-
sion process can be well modeled by CA models, and 
numerous literatures have demonstrated the advantage 
and capability of CA model to simulate spatial process 
of urban expansion in a very realistic way (Clarke et al., 
1997; Zhou et al., 1999; Li and Yeh, 2005). Transition 

rules are the key component of CA models. So far, nu-
merous of transition rules have been chosen in case 
studies with spectacular success, such as constrained 
conditions (Li and Yeh, 1999), transfer matrix (White 
and Engelen, 1993), multicriteria (Wu and Webster, 
1998), analytic hierarchy process (Wu, 1998), principal 
component analysis (Li and Yeh, 2002), self-organizing 
systems (Allen, 1997), neural network (Li and Yeh, 
2002), genetic algorithm (Yang and Li, 2007), and parti-
cle swarm optimization algorithm (Feng et al., 2011). 
With the constant improvement of transition rules, 
simulation and predication of urban expansion based on 
CA models on urban expansion have been optimized 
remarkably. 

Multi-uncertainties are generated during the simula-
tion and prediction processes of urban expansion based 
on the CA model, which mainly results from the selec-
tion of transition rules and the setting of discrete time, 
and may be gradually transmitted to the final result and 
affect the simulation and prediction accuracy (Li et al., 
2007). Unlike the simple GIS operation, the CA model 
is one dynamic spatial model, and its uncertainty trans-
mission cannot be effectively controlled by mathemati-
cal equations. Therefore, it is vitally important to evalu-
ate uncertainties existing in the CA model before em-
ploying it (Li et al., 2007). Based on the Monte Carlo 
method, Li et al. (2007) simulated and analyzed the 
transmission characteristics of the CA model’s uncer-
tainties from the aspects of transition rules, neighbor-
hood template, discrete time and random variables, and 
demonstrated that the errors and uncertainties of CA 
models differ distinctly from those in the traditional GIS 
models. At present, although numerous studies have 
documented the application of CA models on the simu-
lation and prediction of urban expansion, uncertainties 
on these models are relatively scarce. Furthermore, 
though CA models provide an insightful understanding 
of the driving forces and causal mechanisms of urban 
expansion, modeling of urban expansion consists of 
complexities of natural constraints and human drivers 
synchronously (Le et al., 2008); whereas human drivers 
are always ignored when constructing various CA mod-
els. Some literatures have documented that agent-based 
models can solve this problem (Tian et al., 2016) rea-
sonably. Therefore, the combination of CA models and 
agent-based models will become the future trend for 
simulating and prediction urban expansion. 
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5.4  Ecological and environmental effects of urban 
expansion  
Urban areas are characterized by the high-dense of im-
pervious surfaces. Though their increase can improve 
the living conditions of residents, it also introduces a 
variety of urban ecological and environmental issues 
(Rodríguez et al., 2015), including the irreversible 
change of land use/land cover (Prokop et al., 2011), 
modifying the urban microclimate, increasing hazards of 
surface water runoff (Haase and Nuissl, 2007), etc. 
Therefore, it is of great significance to recognize the 
interrelationship between urban expansion and ecologi-
cal environment scientifically, adopt appropriate models 
for urbanization development, and promote the coordi-
nated development of urbanization in the ecological en-
vironment. 

As the most drastic form of land use/land cover 
change (Turner et al., 2007), urban expansion is an irre-
versible process in which natural and semi-natural sys-
tems transform into impervious surfaces. The rapid ur-
ban expansion in China directly leads to tremendous 
changes in regional land use/land cover (Liu et al., 
2014b). As the largest contributor to Chinese urban ex-
pansion, cultivated lands have been occupied on a mas-
sive scale, thereby having a serious effect on grain out-
put and safety (Zhang et al., 2008). Moreover, urban 
expansion increases impervious surfaces and reduces 
woodlands, grasslands, and wetlands, among others. Liu 
et al. revealed that 30.92%, 5.73%, 3.11%, 2.10%, 
0.92%, and 0.32% of increased urban areas in major 
cities of China in the past four decades were from rural 
settlements and industrial traffic lands, woodlands, wa-
ter bodies, grasslands, sea areas, and unused lands, re-
spectively (Liu et al., 2016a).  

With rapid urban expansion, impervious artificial 
surfaces increase dramatically, which modifies the ur-
ban microclimate, including increasing land surface 
temperature, generating urban heat islands (UHI), af-
fecting air quality, and changing precipitation effects, 
etc. Firstly, newly increased urban areas increase sur-
face temperature significantly. On the basis of different 
scales of urban mapping products, numerous literatures 
have demonstrated that urban areas have a positive ex-
ponential relationship with land surface temperature 
(Streutker, 2002; Zhou et al., 2008; Imhoff et al., 2010; 
Li et al., 2010; Xu, 2011; Li et al., 2012; Li et al., 
2017b). Second, rises in heat storage during the day and 

slower releases at night are usually caused in urban ar-
eas, which generate alterations to the energy budget of 
the surfaces, and contribute to the UHI effect (Oke, 
1973). It has been confirmed that urban expansion with 
the consequent UHI effect represents one of the most 
significant human-induced changes to the Earth's sur-
face climate (Zhao et al., 2014). Third, the pollutants 
concentration is experiencing a migration change in the 
space due to the rapid urban expansion and high dense 
human activities (Chen et al., 2013). Tao et al. (2015) 
indicated that dense urbanization had a moderate dilu-
tion effect on surface primary airborne contaminants, 
but might intensify severe haze and ozone pollution if 
local emissions were not well controlled. Cui (2017) 
demonstrated that urbanization development was posi-
tively correlated to air pollution. The rapider of urbani-
zation development, the severer of air pollution is in 
China. Furthermore, air pollution has retroactions on 
urban expansion. Zhao and Sing (2017) illustrated that 
severe air pollution restrained Chinese urban expansion. 
Last but not the least; urban expansion also has obvious 
impacts on precipitation effects (Tan and Gu, 2015). It 
is revealed by plentiful of analysis on the relationship 
between urban expansion and precipitation that precipi-
tation and rainfall frequency tend to decrease in upwind 
direction whereas increase in downwind one (Ba-
jracharya et al., 2015; Wang et al., 2015; Jiang et al., 
2016; Cockerill et al., 2017). Additionally, rainfall dis-
tributions will be directly affected during the urban ex-
pansion process (Zheng et al., 2013). Furthermore, ur-
ban expansion mapping products are well applied in 
revealing other ecological and environmental effects, 
such as hydrological alteration, water pollution, and soil 
erosion, etc. Intensive expansion of urban areas ob-
structs storage of precipitation and natural infiltration, 
enhances evaporation prior to precipitation events 
(Braud et al., 2013), and results in more surface runoff 
yield and fast routing through land surface and drainage 
systems (Suriya and Mudgal, 2012), and increases the 
probability of urban waterlogging in some Chinese cit-
ies (Zhang et al., 2018). Therefore, hydrological altera-
tion by urban expansion has become a growing concern 
in China. Urban expansion also has profound impacts on 
water quality (Ren et al., 2014). Dong et al. (2014) 
simulated the effects of urban expansion on non-point 
source pollution emissions in the Haihe River Basin by 
employing the Integrated Model of Non-point Sources 



738 Chinese Geographical Science 2018 Vol. 28 No. 5 

Pollution Processes, and found that urban expansion 
through 2030 increases the nonpoint sources of total 
nitrogen, total phosphorous, and chemical oxygen de-
mand emissions. Urban expansion always contradicted 
the smooth and reasonable implementation of cultivated 
and forest lands protection policies in the past decades 
(Liu et al., 2016a). Xie et al. (2018) comprehensively 
analyzed the effects of urban expansion on ecological 
environment and revealed that food production will de-
crease the most dramatically, followed by water conser-
vation, habitat quality, carbon storage, and air quality 
regulation, and increases in the replacement of forest 
and cultivated lands by urban land will be the main 
cause for the aggravation of simultaneous losses of 
ecosystem services during 2013–2040. Deforestation in 
the process of urban expansion would directly increase 
the soil erosion (Pullanikkatil et al., 2016).  

Assessing the effects of urban expansion on the eco-
logical environment is fundamental to understanding 
urban sustainability. Various products about urban ex-
pansion have become the important driving force for the 
change of ecological and environmental effects include 
but not limited to the above mentioned. At present, 
many studies have documented urban expansion on the 
ecological environment from various aspects but still 
have some limitations. 1) When carrying out the eco-
logical and environmental effects of urban expansion, 
systematic, objective, and comprehensive evaluation 
systems are relatively scarce. 2) Most factors that par-
ticipated in ecological and environmental effects evalua-
tion are derived from LR and MR remotely sensed im-
agery, and their accuracy must be improved. 

6  Discussion and Conclusions 

Urban areas are the important anthropogenic indicator 
and human ecological footprints, and existing remote 
sensing literatures have regarded them as a type of sur-
face material, land cover, or land use. On the basis of 
remote sensing technology, the progress and existing 
issues of Chinese urban expansion are summarized and 
revealed.  

Though there is no uniform or globally consistent 
definition of ‘urban areas’, it is generally recognized as 
population centers as well as economic hubs with very 
high degree of soil sealing and continuous built-up ar-
eas. With superior in detecting urban areas, remotely 

sensed imagery have become the primary data source 
for extracting the information of urban expansion proc-
ess, and have been widely used for their ease of access 
and objective quantifiability (Gao et al., 2017). Since 
the 1970s, multi-source optical remotely sensed imagery 
has been widely employed to monitor Chinese urban 
areas with different applicable scales. On the whole, the 
higher of the imagery’s resolution is, the smaller scale of 
its applicable scale is, and the monitoring effects of ur-
ban areas are not related positively to the spatial resolu-
tion of remotely sensed imagery. Additionally, Radar 
and Lidar imageries have been well employed in moni-
toring urban areas in recent years, which can compen-
sate for the shortcomings of optical remotely sensed 
imagery applied in bad weather conditions and support 
to integrate the third dimension for describing urban 
expansion.  

To pursue high accuracy, numerous of monitoring 
methods have been employed, which mainly comprise 
of visual interpretation and automatic classification 
methods. Though the visual interpretation method is 
time-consuming, subjective, and requires abundant in-
terpretation experience, it is considered to be more ma-
ture and precise than the automatic method and has ob-
vious advantages on large-scale studies. The automatic 
method has significantly higher efficiency, especially on 
city scale. However, this method is easily affected by 
various elements, and has poor universalities in the 
monitoring of long-term and high-frequency urban ex-
pansion on large scale. Moreover, extracting the effects 
of urban expansion on local land use and distinguishing 
different kinds of land use types inside cities using this 
method are hard to implement, whereas easy to realize 
by the visual interpretation method. 

Urban expansion applications based on remote sens-
ing technology is well applied multi aspects, mainly 
including analyzing its spatial-temporal characteristics, 
excavating its driving forces, simulating and predicting 
its future trend, and revealing its effects on ecological 
environment. The interdisciplinary research for 
multi-disciplinary urban expansion study is formed, and 
different disciplines have provided considerable techni-
cal support, which has promoted the rapid development 
and applications of studies on urban expansion. Taking 
the simulation and prediction of urban expansion for 
example, it has developed from a quantitative descrip-
tion to quantitative calculation stages, with prediction 
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results changing from numerical calculation to spatiali-
zation simulation. Though this application also has some 
limitations, such as applicable scales, numerous uncer-
tainties generated in the operational process, etc., they 
have attracted the attention of Chinese scholars and will 
be optimized further in the future.  

Overall, the fusion of multi-source remotely sensed 
imagery is imperative to meet the needs of urban expan-
sion with various monitoring terms and frequencies on 
different scales and dimensions, and the integration of 
the visual interpretation and automatic classification 
methods have become the tendency nowadays (Chen et 
al., 2014). Furthermore, though the application of re-
mote sensing technology in urban expansion field in 
China has been promoted with data construction, meth-
ods and models developing from the quotation stage to 
improvement and innovation stage, an independent and 
consistent data source is required to recognize Chinese 
urban expansion and to afford comparative studies that 
focus on national urbanization trends and patterns from 
the aspects of urban expansion process and its effects on 
local land use with long-term and high-frequency (such 
as annual monitoring) monitoring on national scale. 
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