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a  b  s  t  r  a  c  t

Urbanization  is  one  phenomena  that  drives  land  use  pattern  change.  Persistent  rapid  urbanization
is  associated  with  depletion  of natural  resources  and  worsening  conditions  in  the  urban  environ-
ment.  Monitoring  urban  development  is,  therefore,  an  absolute  necessity  in order  to  assure  sustainable
cities  in  the  future.  The  main  objective  of  this  paper  is  to develop  and  apply  an  urban  growth  poten-
tial  model  incorporating  spatial  metrics.  The  model  has been  tested  in  Jinan  City, China.  Firstly,
two  satellite  images  (1989  and  2004  SPOT)  were  used  to extract  the  land-cover.  A general  land
use  spatial  pattern  analysis,  based  on  landscape  metrics  and  a transformation  matrix  analysis,  was
conducted.  Secondly,  a moving  window  method  was  used  to  identify  and  capture  the  urbanization
process  through  the  PLAND  landscape  metric.  The  remote  satellite  data  have  been  further  pro-
cessed:  first to  produce  an initial  state  of the  land-cover  surface,  and  second  to  perform  a  time-series
analysis  and to assess  the  potential  accuracy  of  the  model  application.  In the  second  step,  the  cal-
ibrated  model  was  used  to predict  the  location  of  the urban  growth  over  16  years  (2004–2020).

The results  indicated  there  will  be  a significant  land  use change  until  2020.  However,  the spatial
distribution  of  the  potential  growth  areas  is  not  homogenous.  The  study  has  confirmed  the  usefulness
of  a growth  potential  model  incorporating  the  moving  window  method  to predict  urban  growth  trends
and examining  the  impacts  of urban  development  on natural  resources.  The  results  can  provide  decision
support  documents  for  urban  planners  and  stakeholders  with  spatially  explicit  information  for  future
planning  and  monitoring  plans.
. Introduction

It is expected that about 60% of the world’s population will live
n urban areas by 2030 (United Nations Department of Economic
nd Social Affairs/Population Division, 2003). Although urban areas
ake up a small proportion of the earth land surface area (Grübler,

994) they cannot be ignored as urban growth causes very large
hanges in environmental conditions – more so than other land
se changes (Heilig, 1994; Lambin et al., 2001).

Analyzing the urban development process and then using
ppropriate management strategies that aid sustainable urban
evelopment is one of the most important ways to address the envi-

onment problems arising from urban growth (Fang et al., 2005;
aeger et al., 2010). Monitoring urban change implies taking account
f two key points: the extent and location of current and future
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changes. Accordingly, the description and analysis of spatial distri-
butions and structural characteristics of urban land use, as well
as modeling and predicting their spatio-temporal change, have
become important issues (Wegener, 1994; Klostermann, 1999;
Deng et al., 2009). Recent developments include the integration
of remote sensing, GIS and other geospatial techniques (Batty,
1992; Longley, 2002), and advances in disciplines such as Landscape
Ecology have helped in quantifying, monitoring, modeling and sub-
sequently predicting the urban development (Sudhira et al., 2004;
Herold et al., 2005; Deng et al., 2009; Pham et al., 2011).

Remotely sensed data provide a unique view on spatial and tem-
poral urban change patterns and thus could be used to improve
understanding and modeling of urban development and change
processes (Meaille and Wald, 1990; Wu,  1998; Batty and Howes,
2001; Herold et al., 2003), and, consequently, they have been used

increasingly to map  urban development (Stuckens et al., 2000;
Stefanov et al., 2001; McCauley and Goetz, 2004). Developments
within Landscape Ecology provide an important theoretical basis
for urban land use change research. Landscape Ecology is the study

dx.doi.org/10.1016/j.ecolind.2012.02.003
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f spatial and temporal patterns on the land and their consequences
o organisms, populations, communities, and ecosystems (Giles and
rain, 1999; Palmer, 2004; Li et al., 2005; Mander and Uuemaa,
010), and it can be used to understand land-use patterns (e.g.
iitters and Wickham, 1995; Jaeger et al., 2010; Pham et al., 2011).
andscape Ecology-based spatial landscape metrics are useful tools
n mapping and quantifying spatial land cover characteristics. Land-
cape metrics were developed in the late 1980s (Mandelbrot, 1983;
erold et al., 2005; Liu et al., 2010) and are normally used in ecolog-

cal investigations (Li et al., 2005; Peng et al., 2010). However, they
re now being extended to enhance understanding of the urban
orms. Computation of these indices will help in understanding the
rocess of urbanization at a landscape level (Sudhira et al., 2004;
eng et al., 2010).

In China, significant economic and spatial transformation has
aken place since the late 1970s; coinciding with the time when
hina began to abandon the self-reliance economy and adopted
ore reforming and open policies (Yang, 2004). In the 30 years

ollowing 1978, China’s urban population increased dramatically
rom 170 million to 607 million, that is to say from 18% to 46% of
he total population (China Statistics Bureau, 2009). The speed of
hange and the scope of urban spatial reconfiguration are globally
nprecedented. Almost all Chinese cities, big and small, have expe-
ienced fundamental spatial change in the last three decades, and

here has been a considerable expansion of the built-up areas from
.6 × 104 km2 in 1979 to more than 2.8 × 104 km2 in 2007 (China
tatistics Bureau, 2009). Associated with this growth are worsen-
ng conditions of crowding, deteriorating urban environments, and

Fig. 1. Location of the study area and the historic
ators 20 (2012) 82–91 83

fragmentizing or loss of natural resources (Thapa and Murayama,
2009). Analyzing and modeling urban dynamic spatial change
process are urgently required as they will provide insights for
assessing urban growth and future development. Whilst most of
the related research in China has focused on the large cities like
Beijing, Shanghai and Shenzhen (Li and Yeh, 2004; Xiao et al., 2006;
He et al., 2008; Han et al., 2009) less attention has been paid on the
middle size cities, like Jinan, which are more typical of development
across the country and in other expanding economies.

In this paper the authors aim to: (1) capture the extent and
location of land use change in Jinan City from 1989 to 2004 based
on landscape metrics and matrix analysis; (2) simulate the urban
growth potential to 2020 with the urban growth potential model;
and (3) map  and analyze the areas with high probabilities or
potential for urban growth and find their spatial distribution char-
acteristics. The results could be used in decision support systems
enabling planner to get a first idea of the urban development trends.

2. Study area

Jinan is located within Shandong Province, to the north of Tais-
han and south of the Yellow River at latitude 36◦32′–36◦51′N
longitude 116◦49′–117◦14′E. Jinan has a warm-temperate, semi-
humid, continental monsoon climate, and well-defined seasons.

The mean annual temperature is 14 ◦C and the mean precipitation
is 650–700 mm (Jinan Landscape Bureau, 2001).

In the past several decades, Jinan has experienced rapid eco-
nomic growth. The gross domestic product (GDP) in Jinan increased

 urban growth of Jinan from 1911 to 2004.



8 l Indicators 20 (2012) 82–91

f
S
s
1
1
t
o
p
t
o
s
a
s
B
i
e
a
c

3

3

c
t
l
b
a
d
B
c
a
i
w
c
T
S
i
p
t
i
S
l
l
b
w
l
c
t
1

Table 1
Land cover classification categories in Jinan based on the Standards for Classification
of Land Use and Criteria for Construction Planning in Urban Area (Chengshi Yongdi
Fenlei yu Guihua Jianshe Yongdi Biaozhun) (China Ministry of Construction, 1990).

Urban land use

Categories Class

Built-up
land

Residential land
Industrial land
Public facilities
Transportation land

Green space Green space
Agricultural land Agriculture land

T
D

4 F. Kong et al. / Ecologica

rom 2 billion (RMB Yuan) in 1978 to 188 billion in 2005 (Jinan
tatistics Bureau, 2005). Jinan has also experienced rapid urban
prawl. The urban population increased from about 0.6 million in
952 to 3.1 million in 2004 (Jinan Statistics Bureau, 2005). During
949–2004, the extent of built-up areas increased from 24.6 km2

o 231 km2 (Jinan Statistics Bureau, 2005). Fig. 1 shows the location
f Jinan and the development of urban area in different historical
eriods. Jinan has a monocentric and irregular radio-sprawl pat-
ern (Jiang and Zhang, 2003) (shown in Fig. 1). The development
f Jinan has occurred under the influence of several physical con-
traints: with growth to the south constrained by hilly topography,
nd to the north by the Yellow River (Fig. 1). In recent decades new
ettlements have being built in the south and the Jinan Planning
ureau’s 1996–2010 and 2004–2020 master plans propose increas-

ng the population living in Jinan City to 4 million with an eastward
xpansion of the built-up taking to total area up to 400 km2. The
rea examined in this study is that inside the 3rd ring road, and
overs about 540 km2.

. Methods

.1. Data processing

Satellite images of two  periods – 1989 and 2004 – were pro-
essed: 1989 Spot images (resolution 10 m;  panchromatic band),
he Landsat 5 TM image in 1989 (resolution 30 m,  6 bands; reso-
ution 120 m,  1 band), and 2004 Spot images (resolution 10 m,  4
ands). Auxiliary data including a topographic map  (1:10,000) cre-
ted in 2000, transportation map, urban planning data, and census
ata obtained from the Jinan Planning Bureau and the Statistics
ureau, as well as field survey reference data in 2004 were used to
apture the land use information and broaden knowledge on the
rea studied. Data processing was supported by the ERDAS Imag-
ne system and the Arc/map platform (9.2). The Spot images in 2004

ere rectified and georeferenced to the Universal Transverse Mer-
ator (UTM) coordinate system by using ERDAS Imagine system.
he images from 1989 were also geo-encoded and matched to the
pot image with the total RMS  <0.2 pixel. During this data process-
ng, the 1:10,000 topographic map, which is registered to the same
rojection system, as well as the field survey data from the ground
ruthing, were used as important references. For an easier manual
nterpretation of the satellite images, a data fusion process of the
pot images and TM images in 1989 was conducted using the “reso-
ution merge” model in the ERDAS Imagine system. The 2004 urban
and use categorical maps were created by manual interpretation
ased on the Arc/map platform. The interpretation of 1989 data
as made by taking the interpreted vector data of 2004 as the base-
ine. Data processing included two parts: the identification of the
hanges in boundaries and/or the changes of class labels compared
o 2004. Therefore, this data processing emphasis changes between
989 and 2004. The advantage of this procedure is that the time

able 2
escription of landscape metrics (based on McGarigal et al., 2002).

Landscape metrics Abbreviation Units 

Patch density PD Number per 100 hectares 

Percent of landscape PLAND Percent 

Mean  patch size MPS  Hectares 

Largest patch index LPI Percent 

Aggregation index AI Percent 
Water bodies Water bodies
Others Others

needed for interpretation is greatly reduced. More importantly,
errors, especially those produced along the polygon boundaries due
to GIS overlay procedures, are eliminated. After the interpretation
of the two  period images, a field inventory, during the summer of
2004, was conducted to check the patch classes and to verify the
accuracy of the GIS data: 200 samples were collected. The accuracy
of the land cover as determined from the satellite imagery was 88%.
The classification had a low rate of omission and commission errors.
Land use was classified into 5 classes by following the standards for
Classification of Land Use and Criteria for Construction Planning
in Urban Area (GBJ137-90) (China Ministry of Construction, 1990)
with some modifications based function, use and generic charac-
teristics (Table 1). Initially 8 classes were identified: residential
land, industrial land, public facility land, transportation land, green
spaces, agriculture, water bodies and others. The first four classes
were integrated and named built-up areas in order to better under-
stand the type of changes and the change process of un-built up
area to built–up area. Land use maps of 1989 and 2004 are shown
in Fig. 2.

3.2. General land use change in the recent 15 years

The land use datasets (1989 and 2004) were converted into Arc
Grid format (at a pixel size of 10 m × 10 m)  based on the Arc map
for the synoptic metric analyses to provide basic and representa-
tive information of the landscape pattern for the Jinan. This study
adopted a series of metrics analysis to investigate the composition
and configuration of the urban landscape pattern. Five landscape
metrics (PLAND, LPI, PD, MPS, and AI, see Table 2), all commonly
cited indices for depicting landscape pattern (Torrens and Alberti,
2000; Luck and Wu,  2002; Pham et al., 2011), were selected and
a short descriptions of each metric are given in Table 2. All of
these quantitative measures were implemented using the statis-

tical package FRAGSTATS (Version 3.3) (McGarigal et al., 2002).

To identify the transformations between different urban land
use types, especially the spatial location of increased built-up land
and the displacement of agriculture land and urban green spaces

Description

The number of patches per 100 ha
The proportion of total area occupied by a particular patch type; a measure of
landscape composition and dominance of patch types
The area occupied by a particular patch type divided by the number of patches
of  that type
LPI equals the area (m2) of the largest patch of the corresponding patch type
divided by total landscape area (m2)
AI equals the number of like adjacencies involving the corresponding class,
divided by the maximum possible number of like adjacencies involving the
corresponding class, which is achieved when the class is maximally clumped
into a single, compact patch
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Fig. 2. Maps showing urban land u

y built-up area, a matrix analysis was conducted by overlaying the
and use maps for 1989 and 2004.

.3. Measuring built-up density using the PLAND metric

To capture the urban built-up areas characteristics, a “mov-
ng window” analysis in class-level supported by FRAGSTATS was
onducted using a 500 m radius window size. Only one land-
cape metrics, percent of built-up area of each chosen window-size
PLAND), was  used to quantify the built-up areas pattern in the
ocal area. The window moved over the whole landscape, calcu-
ating the selected metric within the window and returning that
alue to the center cell and outputting a new continuous surface
rid map  for the selected metric (Fig. 3) (McGarigal and Cushman,
002). Consequently, the PLAND value of each cell (10 m × 10 m)  is
he proportion of the built-up area to the total area of each 500 m
adius window. According to the PLAND values, each cell could
e further classified into low, medium, high density built-up land
nd others. Areas of impervious surface areas such as driveways
nd paved areas which occupied less than 15% of each cell, and all
ther pervious land use types such as agriculture land, green space,
tc. were included in the class “others” (Table 3). This classifica-
ion system is based on the field survey and the knowledge of the
tudy area. Density is a controversial term and the definition on
his term has not crystallized, and there is no a fixed way  to mea-
ure it (Churchman, 1999; Forsyth, 2003). In this research density
s defined according to the built-up PLAND value, which indicates
he impervious surface parcel coverage (within each 500 m radius
indow). Changes in the PLAND metric over time were investi-
ated as temporal signatures of built-up land. Thus, the moving
indow analysis could be used to examine the land use change
rocess in local areas. To further explore this information, a trans-
ormation matrix analysis was also conducted. The metric value

able 3
uilt-up land classification based on the PLAND landscape metric values.

Classes Abbreviation Description

High density built-up land HDB PLAND ≥ 80%
Medium density built-up
land

MDB  45% ≤ PLAND < 80%

Low density built-up land LDB 15% ≤ PLAND < 45%
Others Others PLAND <15%, correspond

almost entirely to roads and
other impervious surface
interspersed in the non-built
up areas, and all other
non-built up areas
ucture in 1989 and 2004 in Jinan.

variations over time and space highlight specific spatio-temporal
urban growth patterns, and represents specific characteristics and
regularities of dynamic urban process.

3.4. Urban growth potential model

The potential model is issued from the classical gravity law
used in physics and spatial interactions (Ma et al., 2008) and has
often been used for demographic or social purposes, in order to
study the relationships between population types and locations or
between users and goods (Weber and Puissant, 2003). Recently sev-
eral researchers have applied the model directly or incorporated it
with other spatial models to simulate urban development trends
over the years (Weber and Hirsch, 1997; He et al., 2008). The urban
growth potential model highlights what is allowed, under specific
sets of regulations, regarding the location of urban changes in rela-
tion to natural constraints or “man-made” decisions (Weber and
Puissant, 2003; Weber, 2003). Such an approach also offers the
possibility of integrating different types of interactions between
various locations. In this study, the time-frame for the first sim-
ulation was  1989–2004. The comparison of the land use patterns
for 2004, obtained through remote sensing images with the model
results for 2004, allowed a validation of the model and an opti-
mization of the control parameters. Then the growth potential of
the built-up area from 2004 to 2020 was simulated. To apply the
potential model several assumptions were made, and accordingly,
four steps were incorporated in to the analysis:

(1) Weighting the land use types according to the PLAND value
and possibility to be changed into built-up area. This assumes
that the higher the value of urban growth potential the more
likely is it that the built-up area will be developed in the future.
The urban green spaces were designated to be the conserva-
tion areas weighted as zero, which indicate that they will be
protected from future development and cannot be converted
to any other land use type.

(2) Defining the accessibility of each land use pixel to existing
high density built-up areas (HDB). The patch area of each cho-
sen high density built-up area (HDB) is more than 50 ha and
there are three patches in 2004 shown in Fig. 4. The larger
HDB are usually associated with greater dispersion of service
facilities and more convenient traffic access. Accordingly, it
was assumed that future living places would be more likely to

occur in close proximity to these high-density areas (as sources)
and along main roads (Loibl and Toetzer, 2003; Jansen et al.,
2008). Roads are the primary means of access for human use of
adjacent areas and, therefore, they would influence patterns of
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Fig. 3. Built-up land density patterns based on

settlement and land-use changes (Pedlowski et al., 1997; Wear
and Bolstad, 1998; Batty et al., 2003). The more accessible an
area is the greater the likelihood that the development is com-
pact and may  also suggest that an area has sprawled (Torrens
and Alberti, 2000). In most previous research the straight-line
distance to the urbanized areas is used in the urban growth
potential model without considering the different cost time
along different transportation and land use types (Swenson and
Franklin, 2000). In this study the cost-distance (e.g. accessi-
bility) (Fig. 5) acquired was used instead of the straight-line
distance. Definitions of travel speed and cost-distance along
different land-use types were shown in Table 4.

3) Weighing urban developing directions by following the
urban master plans. The master plans are the main urban
growth-management policies that guide urban development
by proposing areas and directions of developments (Frenkel,
2004). Hence, since in China state intervention is usually cru-
cial for urban development and urban development in China
must be relevant to planning and policy making (Lin, 2004), the
role of state intervention in the growth of urban area should

also be examined. Consequently, according to the master plan
2004–2020 and the transformation matrix analysis of land use
type, as well as the characteristic of the built-up density in

ig. 4. The sources (the high density built-up lands with area more than 50 ha) and
he  road network used in the accessibility analysis.
D landscape metric values in 1989 and 2004.

different directions, the four directions (east, west, north and
south) were valued 3, 2, 2 and 1 respectively based on the prior-
itized order: the higher the score, the more likely it will induce
urban development.

(4) Based on the specification above, the potential model could be
finally defined by the following formula:

Pi = Wij

Cost distanceij
2

× Dn × 100 (1)

where W corresponds to the weights of urban growth potential of
each pixel defined by the land use types; Cost distanceij is the time
(min) from every local pixel to existing high density built-up areas
(HDB); Dn is the weighs of urban developing directions based on
the urban master plans.

4. Results

4.1. General analysis of landscape pattern

The landscape metrics were analyzed to present the character-
istics of landscape patterns of 1989 and 2004 and to examine the
pattern change. Five landscape metrics were selected for the anal-
ysis and all the listed five land-use categories were investigated.
The difference in the values of the various landscape metrics from
1989 to 2004 is shown in Table 5.

The comparative evaluation of the landscape metrics shows
distinctive differences among different land use categories. The
analysis of PLAND at the class level provides a general represen-
tation of landscape composition. The temporal change of PLAND

can be used to obtain an overview of landscape change in the Jinan
and indicates that there was a significant increase in the built-up
area from 32.12% of the total area in 1989 to 42.96% of the total
study area by 2004 (Table 5, shown by PLAND). From 1989 to 2004,

Table 4
Definitions of travel speed and cost-distance (min/10 km) along different land-use
types.

Land use type Travel speed (km/h) Cost-distance (min)

Road network
Arterial road 30 20
Secondary truck road 25 24
Branch road 20 30
Path 15 40

Walking network
River/water 0.75 800
Mountains 1.2 500
Others 4 150
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Table  5
Characteristics of urban land use pattern in 1989 and 2004.

Class Time PLAND LPI PD MPS  AI

Built-up
land

1989 32.12 27.73 2.46 13.05 97.42
2004 42.96 40.66 2.01 21.36 97.75

Green
spaces

1989 23.36 10.93 0.70 33.35 97.99
2004 22.26 10.75 0.85 26.20 97.75

Agriculture
land

1989 39.58 8.78 0.44 90.63 97.67
2004 28.76 2.81 0.53 54.69 97.34

Water
bodies

1989 1.81 0.22 1.31 1.38 85.74
2004 2.18 0.35 1.35 1.61 87.54

0.23 0.50 6.27 94.16
0.24 0.56 6.86 94.34
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Others 1989 3.12 

2004 3.85 

here was an increase of built-up land in largest patch index (LPI)
rom 27.73 to 40.66, aggregation index (AI) from 97.42 to 97.75,
nd mean patch size (MPS) from 13.05 to 21.36 ha, as well as the
ecrease in patch density (PD) from 2.46 to 2.01 – indicating an

ncreasing spatial aggregation of the built-up areas. Changes in the
ragmentation metrics (LPI, PD and AI) also imply a decrease in spa-
ial heterogeneity due to the increasing dominance of the built-up
and as well as the disappearance of the non-built-up area resulting
n a less fragmented urban landscape (Table 5).

However, the results also show that there were significant
osses of the agriculture land from 39.58% (1989) to 28.76% (2004)
Table 5, shown by PLAND). The significant decrease in the largest
atch index (LPI) and mean patch size (MPS) both indicated greater
ragmentation of agriculture land over the past 15 years (Table 5).
n addition, green space decreased by 1.1% from 23.36% (1989) to
2.26% (2004) (shown by PLAND). The largest patch index (LPI)
ecreased from 10.93 to 10.75 and the mean patch size (MPS)
ecreased from 33.35, to 26.2 ha. However, the patch density (PD)

ncreased from 0.70 to 0.85. All of these indicate rapid urban devel-
pment and an increase in fragmentation as well as disaggregation
f green spaces in the whole study area.

The matrix analysis captured the amount as well as the loca-
ion of the urban land use changed. The results were shown in
able 6 and Fig. 6 respectively. In general, the results indicate that
he total built-up area increased by 58.303 km2 or 33.73% during
989–2004 (comparing “sum 1989” with “sum 2004” in Table 6).
he increase is predominantly from the conversion of agriculture
and. Another important source for the built-up areas is the urban
reen space (Table 6). The analysis also indicates that, from 1989

o 2004, 0.552 km2 of built-up land and 3.113 km2 of agriculture
and have been transformed to green spaces. However, there was
.358 km2 of green spaces converted into built-up land. Moreover,
nother 2.069 km2 was modified into other land uses. Thus, the

Fig. 5. Maps of cost-distance (time) of 1989 and 2004 (the high density bu
Fig. 6. The location of land-use change in the period 1989–2004 in Jinan.

overall green space balance was  negative: a loss of 5.965 km2. All
of this means that the green space growth still could not keep pace
with urban development.
Fig. 6 shows the location of the areas subject to change in the
period 1989–2004. The distribution of the land use changes in Jinan
is not homogeneous. It shows that most of the lost green spaces
were transformed to residential land, and this transformation was

ilt-up lands with area more than 50 ha were chosen as the sources).
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Table 6
Land use conversion matrix in Jinan between 1989 and 2004. The area covered by each class is given in km2.

1989 2004

Built-up land Green space Agriculture land Water body Others Summary (1989)

Built-up land 172.001 0.552 0.094 0.000 0.188 172.835
Green  space 7.358 (12.62%) 115.936 0.357 0.014 2.069 125.734
Agriculture land 50.849 (87.22%) 3.113 154.228 2.124 2.662 212.976
Water  bodies 0.126 (0.22%) 0.000 0.023 9.606 0.000 9.755
Others 0.803 (1.38%) 0.168 0.047 0.000 15.788 16.806
Summary (2004) 231.138 119.769 154.748 11.744 20.707 538.106

−58.227 1.989 3.901
−27.34% 20.38% 23.21%

l
w
s
s
m
t

4
s

s
s
s
t
fi
d
t
t

b
T
i
w
y
a
u
s
s
m
r
c
t
u
(
i
d
c

s
d
t
4
p

T
D

ing the past 15 years among the different built-up density types
was conducted by overlaying the “increased built-up” map  and
the “classified 1989 built-up density map” (Fig. 7 and Table 8).
The results indicate that, from 1989 to 2004, 74.677 km2 has been

Table 8
Change  (km2) 58.303 −5.965 

Change % 33.73% −4.74% 

ocated to the south of the city: the location of the remnant forest
hich act as the “green lung” for the city and the locations of the

ource of springs for which the areas is renowned. Consequently, it
eems that the conservation efforts in these areas did not lead to a
easurable improvement, which may  result in serious impacts on

he urban ecological and socio-economic attributes.

.2. Measuring and description of built-up land density and
patial pattern

Although, through the landscape metrics and the matrix analy-
is, general urban development has been identified in the whole
tudy area there is a need to develop a mathematical relation-
hips to quantify and describe these changes. This is particularly
he case in understanding different development styles, such as in-
ll development from medium or low to high density or sprawl
evelopment from other non-built-up areas to built-up areas. In
his section, the landscape metric PLAND levels of the built-up land,
he urban sprawl process have been quantified further.

The grid maps (Fig. 3) show that the results of metric analysis can
e produced using the moving window method of FRAGSTATS 3.3.
he spatial distribution of built-up land in the years 1989 and 2004
s displayed by the graduated gray legends respectively in Fig. 3,

hich illustrate the variance of PLAND in different areas. This anal-
sis indicates that in the city center the value of PLAND is highest
nd that it gradually decreases to the city periphery. Growth of
rban regions leads to sprawl and densification of built up areas
urrounding the core urban area. The computation of built-up den-
ity according to PLAND value could give the distribution of high,
edium and low-density built-up clusters in the study area. The

elative share of each category (area and percentage) can also be
aptured. This facilitated identifying different urban growth cen-
ers and subsequently correlating the results with the degree of
rban development in order to examine the extent of urban sprawl
Table 7). The analysis of density patterns in built-up areas is of
nterest because of the obvious urban growth, especially in the low
ensity area. Calculating the degree of urban sprawl will assist in
apturing and monitoring urban development trends.

Several trends in land use change were also apparent over the
tudy area as shown in Table 7. In 1989, the percentage of high-

ensity built-up land (HDB) was 13.34% compared with 15.78% for
he medium density (MDB), 27.09% for the low-density (LDB) and
3.79% for the “other” land uses. This revealed that more com-
act or highly dense built-up area was small compared to the

able 7
escriptive statistics of the classified built-up land from 1989 to 2004.

Time Descriptive index HDB MDB  LDB Others

1989 Area (km2) 71.78 84.91 145.79 235.63
% 13.34 15.78 27.09 43.79

2004 Area (km2) 114.24 114.97 137.85 171.05
% 21.23 21.37 25.62 31.79
Fig. 7. Spatial pattern of increased built-up land in the past 15 years among different
built-up density types of 1989.

more dispersed or less density built-up area. However, in 2004, the
percentages for each of the four built-up land types (HDB, MDB,
LDB and others) were 21.23, 21.37, 25.62 and 31.79, respectively
and the overall changes in each category were +7.99, +5.99, −1.47
and −12.0 percent The high- and medium-density built-up areas
increased greatly indicating a much more aggregated pattern of
urban growth.

An analysis of the spatial pattern of increased built up land dur-
Distribution of changed land use and increased built-up land among different built-
up  land density type in the period of 1989–2004.

Land use type Build-up land density type

Others LDB MDB  HDB Summary

Non-changed
(km2)

208.723 114.783 71.702 68.227 463.436

Changed (km2) 26.912 31.004 13.204 3.556 74.677
%  of changed land
use

36.038 41.518 17.682 4.762

Increased built-up
land (km2)

20.745 26.954 10.809 0.630 59.137

%  of increased
built-up land

35.079 45.579 18.277 1.065 100
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Table  9
Definitions of weights along different land use types.

Land use types Urban growth potential

High density built-up area (HDB) 1
Medium density built-up area (MDB) 4
Low density built-up area (LDB) 7
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Table 11
Results of simulated urban growth potential classification in 2020 and the calibra-
tion  parameters.

Urban potential (2020) Area (km2) % of total study area

1. None potential (P = 0) 156.60 29.10
2.  Low potential (0 < P < 0.8) 90.68 16.85
3.  Medium potential (0.8 ≤ P < 3) 53.36 9.92
4.  High potential (P ≥ 3) 125.19 23.26
5.  Existing HDB in 2004 (urban centers) 112.29 20.87
Agricultural land 9
Others (green space, water bodies, etc.) 0

hanged with respect to its land-use, among which, 59.137 km2 was
he change to built-up land. This is in stark contrast to the 0.834 km2

uilt-up land in 1989 that was transformed to non-built-up land in
004 (Table 6). Therefore, from 1989 to 2004, the total increase in
uilt-up land area was 58.303 km2. This result is in line with the
eneral analysis in Section 4.1.  Except for the ‘in-fill’ growth or the
ensification process at the pre-HDB and MDB, 1.065% and 18.277%
espectively, most of the growth is ‘out-extension’ or sprawl pro-
ess, which mainly affects the LDB and “others” categories, 45.579%
nd 35.079% respectively.

The distribution of the percentage of land use change and
ncreased built-up land also implies the urban growth possibility in
he four types of built-up density land. For example, the lowest per-
entage of the land use change was in the HDB where there was  also
he lowest increase in the built-up land, which indicates an almost
otal urbanized area with a lower urban growth possibility. Com-
aratively, in the LDB and “others” types, the higher percentage of

and use change and the higher percentage of increased built-up
and indicate the higher urban growth possibility.

.3. Results of modeling potential urban development

.3.1. Weighting the urban growth potential of each built-up
ensity

Based on the analysis of the general development and the trans-
ormation character of each land use type, the spatio-temporal
hange patterns of different built-up land density type, the weights
f each land use types were given accordingly, even though the
eight value defined of each built-up density type is still arbitrary.

he results are shown in Table 9.

.3.2. Simulating potential urban growth and model validation
Eq. (1) was used to make predictions of urban growth poten-

ial of each pixel over a 16-year interval. The four input variables
re summed to form an output layer containing “P” values on a

ixel basis. The ‘P’ values were then reclassified into four classes
f potential, namely high, medium, low, and none; and were pre-
ented in maps (Fig. 8) which could be used to identify areas of low
o high urban development potential. The simulation was firstly

able 10
esults of simulated urban growth potential classification in 2004 and the calibra-
ion parameters.

Urban growth potential
(1989–2004)

Area (km2) %

1. None potential (P = 0) 145.84 27.10
2.  Low potential
(0 < P < 0.8)

165.32 30.72

3.  Medium potential
(0.8 ≤ P < 3)

54.55 10.14

4.  High potential (P ≥ 3) 102.05 18.97
5. Existing HDB in 1989
(urban centers)

70.35 13.07

6.  Existing built-up
areas in 2004

231.14 42.95

Precision proof-test (3 + 4 + 5 − 6)/6 * 100 = 1.81%
6  located in 3, 4
and 5: 85.34%
6.  Existing built-up areas in 2004 231.14 42.95
Possibility size of built-up areas in 2020 3 + 4 + 5 = 290.83 54.05

conducted to predict the urban growth potential to 2004 over the
period 1989–2004 (Fig. 8 and Table 10). The results were cali-
brated by adjusting the threshold values of ‘P’ to correspond to
the real situation in 2004. The precision of the simulation results
was validated through two aspects. First by comparing the general
statistic results: assessed as the ratio of the sum area of medium and
high (growth) predicted potential for 2004 and the existing high
density built-up area (HDB) of 1989 divided by the existing built-
up areas in 2004 (Table 10).  The second is identifying the spatial
location. It was valued by overlaying the predicted urban growth
potential map  with the land use coverage map of 2004. The results
indicate that the simulation results are efficacious and could be
used to predict the future situation in 2020 when the general area
and spatial location errors between simulation results and existing
built-up areas were below 2% and 15% respectively (Table 10). In
the process, thereafter, the calibrated parameters (i.e. the weights
and the threshold values) were applied to predict the location of
urban growth over the period 2004–2020. Similarly, the predicted
P values were reclassified based on the same threshold values for
the urban growth potential as those calibrated (Tables 10 and 11).

The urban growth potential simulations provide an indication of
general land-cover conditions that can be expected to characterize
Jinan in 2020. The results indicate that there will be a significant
land use associated with urban sprawl by 2020. However, the spa-
tial distribution of the potential built-up areas is not homogenous
(Fig. 8 and Table 11).  The area of high urban (growth) potential
to 2020 is expected to occur adjacent to the existing high density
built-up area and also along major transportation corridors. This
process indicates the higher impact of existing transportation net-
work and urban centers. The development potential is higher in
the east than any other directions. The eastern region of the city
has been chosen in the master plans to absorb a large portion of
population growth expected in the coming decades and, accord-
ingly, the main city and the new town will be merged. Besides,
even though the specification was made that urban green spaces
were controlled to convert to another land use, the urban growth
still exists around the existing green spaces. Therefore, the devel-
opment of built-up areas to the south must be controlled strictly,
for the water resources protection and sustainable development of
Jinan (Fig. 8).

In a general, the prediction of the potential developing area (the
sum area of the high, medium potential and existing HDB in 2004) in
2020 will be about 290 km2, and its share of the total study area will
be about 54% (Table 11). Compared with the existing built-up areas
in 2004, this indicates that there will be another 60 km2 of built-
up land which will be transferred from the other three land use
types. The high urban growth potential area (including the existing
HDB in 2004) in 2020 will be 237.47 km2, constituting 44.13% of
the total area (Table 11).  By overlaying the 2020 predicted urban
growth potential map  with the existing land use map of 2004, it

can be seen that the potential built-up areas will mostly come at
the expense of agriculture land. One main explanation for this result
is that the other dominant land cover and green spaces cannot be
converted to any other urban use types based on the model design.
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Fig. 8. Predicted urban growth potential maps of 2004 (a) and 20

owever, comparatively, both the agriculture land and the western
ection of the agriculture land were less altered compared with the
astern section where the urbanization was primarily projected in
he master plans.

. Discussion and conclusions

The general analysis of land use change in the past 15 years
hows that the total built-up area increased by more than 58 km2;
ainly from the conversion of agriculture land and the green

paces. About 6 km2 of green spaces was lost, mostly to the south of
inan (Fig. 6). New conservation plans must be promoted to protect
hese remnant green spaces. Accordingly, a new urban develop-

ent planning based on the simulation of its growth should be
ade to guide the city to develop. In this paper, we  integrate of

rban growth potential model with spatial metrics and provide an
nnovative method for predicting the urban growth pattern. First
f all, we used the PLAND landscape metric obtained through the
oving window method to quantify the built-up land density. The

esults indicate that the PLAND landscape metric obtained through
he moving window method can actually provides an effective way
f visualizing and quantifying the expanding footprints of built-up
and (Figs. 3 and 7). The analysis also revealed that the growth pat-
ern of Jinan is sprawl but with densification around different high
ensity built up unit (Fig. 7). Several precious studies using poten-
ial model to detect urban future change could not quantify the
eveloped urban pattern and morphology (Weber and Puissant,
003; Weber, 2003; He et al., 2008). However, in this research,
he spatial landscape metric was used to quantify and categorize
omplex urban built-up landscapes into simple, quantifiable, and
dentifiable patterns. To our knowledge, this was  the first quan-
itative study to define the urban expansion boundary through
he landscape metrics obtained through moving window method.
he built-up density defined by PLAND will be a good and useful
ariable to measure the urban expansion. It will help to link pattern
nd process well. Incorporating PLAND and accessibility variables
n the potential model will optimize the potential model and
ccordingly it will be useful to simulate as well as capture the urban
rowth process, which have been confirmed by the results of the
ase study in Jinan City. Certainly, this is not a special case study,
f the data used in this model of Jinan is available for other cities in

hina and elsewhere, the processes described here can be used to

nform development discussions in other cities.
In this study, the developed urban growth potential model is

alidated with the actual land use data of 2004. It was found that
) based on the land use characteristics of 1989, 2004 and Eq. (1).

simulation predications were accurate with more than 85% of the
built areas in 2004 simulated by the potential model having actu-
ally developed by 2004 (Table 10). Results are satisfying with a
good relationship between potential and real development trends.
Based on the validation, the model was  used to simulate the urban
growth potentiality up to 2020 with almost the same time step (16
years) as it is from 1989 to 2004 (15 years). The simulated poten-
tial developing area in 2020 is around 290 km2. The predicted urban
land use pattern of 2020 indicates that the spatial distribution of
the potential built-up areas is not homogenous. Particularly, the
development potential in the east is higher than any other direc-
tions. The “man-made” decisions in the master plans will have an
obvious impact on the urban development. Aggregation and sprawl
of built-up land will occur at the cost of fragmentation of agriculture
land and urban green spaces. The results obtained from the urban
growth potential modeling provide decision-makers with funda-
mental information when formalizing development strategies for
spatial development in the coming decades, and accordingly the
necessary measures could be adapted to control or mitigate the
negative potential impacts on the urban environment.

Urban development is a complex process affected by myriad of
factors which vary temporally and spatially (He et al., 2008). The
urban growth potential model is also limited by the uncertainties
of selecting and ranking the input indices. For example, economic
and social factors also play an important role in determining future
development. The influence of spatio-temporal changes of popula-
tion or economic situation on urban growth should be taken into
account. However, in this study, such influence was  excluded. In
addition, even though, the influence on the urban growth from the
government policy related to the urban development direction has
been considered in the potential model, the theoretical analyses
were still not enough, because there is too much administrative
discretion in the implementation of planning programs. Govern-
ment can and do play a vital role in planning urban development.
However, what they are doing requires careful planning for the
protection and enhancement of important urban environments,
especially the urban natural resources, and strict management of
urban growth and development. Future research will focus on con-
sidering on these factors and improving the accuracy of the model
to predict urban growth.
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