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ABSTRACT 
Urbanization is found to be closely associated with land use/land cover change which has an important influence in our 
environment and ecosystems, such as urban heat island effect, biodiversity loss, soil erosion, and pollutions. Studies on 
accurately simulating urban expansion have been inspired by increasing concerns of the sustainability of urban 
development. This paper reports our research aiming to simulate the expansion of Hangzhou city using SLEUTH (slope, 
landuse, exclusion, urban extent, transportation and hillshade) urban growth model. In this research, we investigates the 
urban spatial growth patterns based on Landsat Thematic Mapper (TM)/Enhanced Thematic Mapper Plus (ETM+) 
images and creates four land cover change scenarios in 2020 with different socio-economic conditions. The results show 
that the SLEUTH model is less effective for depicting wave-like urban growth. From the four projected scenarios, urban 
area in this city will increase linearly and the shape of the city continues to be multi-nuclei in 2020. The hotspot area 
featured by intensive urban growth would, however, shift from urban center to sub-centers.  
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1. INTRODUCTION 
Land Use/Cover Change (LUCC) has gained increasing attention in past three decades [1, 2]. Urban land cover occupies 
less than 2% of the earth’s land surface, but it plays an important role in our ecosystem functions, such as global and 
local climate, hydrological cycle, and biodiversity. Estimated by the United Nations, the percentage of urban population 
will increase from 50% at present to 61% in 2030 [3]. The increase of urban population will result in a rapid land 
transformation from rural to urban areas in the near future. Both qualitative description model and quantitative prediction 
model are essential to effectively simulate and forecast urban growth and landscape changes. Among existing urban 
growth models, Cellular Automata (CA) models are robust in investigating the dynamics of urban development through 
simple local transitional rules [4, 5, 6]. They are useful for simulating urban growth, particularly in a complex environment. 
Most studies on CA model focus on the design and implementation of the model. However, less attention has been paid 
to the use of CA model for the assessment of land use policy [7]. Specifically, little research has been done to investigate 
the impacts of institutional and cultural factors on urban growth and landscape changes by comparing scenarios under 
different socio-economic conditions in developing countries [8]. 

SLEUTH is one of the most popular CA models, which consists of an urban growth modeling module and a land-cover 
change transition model. SLEUTH model was originally developed by Keith Clarke, and named after its six input layers, 
including Slope, Land use, Exclusion, Urban extent, Transportation and Hillshade [9, 10, 11]. This model has been 
successfully used in urban growth simulation, land use policy assessment and land cover change scenario optimization in 
developed countries [11, 12, 13]. Unfortunately, this model has rarely been used to model the development of cities in China 
[14, 15]. This paper employs SLEUTH model to project four urban growth scenarios under different socio-economic 
conditions by using Hangzhou as a case study. The results are useful for local agencies and planners making wise land 
use policy [16, 17, 18].  

2. STUDY AREA 
Hangzhou is located in the southern part of Yangtze River Delta in Zhejiang Province. The geography of this city is 
characterized by the junction of plains and mountains. Hangzhou is well known as a tourist city. The climate is warm and 
humid with four distinct seasons. The Hangzhou metropolitan area contains eight districts with 4,015,900 population. 
The total area is 3,068 sq km. The study area covers a main center and three sub-centers, namely Xiasha, Jiangnan and 
Linping, with an area of 1,067 sq km (Fig.1).  
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Fig. 1. Location of the study area  

3. METHODS 
3.1 Data processing 

The image data used in this research were four Landsat TM/ETM+ images acquired in 1991, 1996, 2000, and 2005. 
Three main procedures were involved in the image processing. They were geometric correction, image classification 
through the integration of supervised automated classification and manual interpretation, and accuracy assessment. The 
land cover classification scheme adopted here included four major classes, namely urban land, cultivated land, forest, and 
water. As a result, temporal land cover maps were derived from these Landsat images. Also, road maps in 1991, 1996, 
and 2000 were delineated from the image data. The road map in 2005 was provided by the transportation agency.  

In addition, a Digital Evaluation Model (DEM) was used to extract slope and hillshade information via ArcGIS 9.0. An 
exclusion layer, which contains of Qiantang River, West Lake, Xixi Wetland and Beijing-Hangzhou Grand Canal, was 
produced to exclude these areas from urban development in the SLEUTH model.  

3.2 SLEUTH model and scenarios assumption 

SLEUTH model was used to simulate four types of urban growth: spontaneous growth, new spreading center growth, 
edge growth, and road-influenced growth. These four growth types were determined by the interactions of five growth 
coefficients: diffusion, breed, spread, road gravity, and slope (Table 1). The five coefficients, coupled with the excluded 
layer, potentially determined the probability of any given location being developed [12]. The implementation of the model 
involved two general phases: 1) calibration. It used historical urban growth patterns to calibrate the SLEUTH urban 
growth model; (2) prediction. It employed the calibrated model to forecast the future urban development. 'Self-
modification' function in SLEUTH model allowed changing the growth coefficients throughout the course of a model run. 
This function made the SLEUTH model more realistically simulate the different rates of growth [12].  

The excluded layer served as the primary factor which represented different land use policies. If a cell in the excluded 
layer has the exclusion value of 50, it suggests that this cell has 50% probability of being excluded from being developed. 
In addition, future transportation networks were created and used in the SLEUTH model.  

Through implementing the designed SLEUTH model, four urban growth scenarios in 2020 were simulated: Maintain 
Status Quo (MSQ), Expanded Roads (ER), Moderate Farmland Protection (MFP) and Compact City (CC). The MSQ 
scenario was produced with the assumptions of no change in current land use policy and no limitation of urban expansion 
except large water surface. The ER scenario considered the effect of road gravity on urban growth pattern. The 
construction and widening of major roads in urban planning were involved into the simulation of urban growth in 2020. 
The MFP scenario reflected the influence of farmland protection policy on urban expansion. In the excluded layer, 
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farmland has exclusion value of 60, which suggests a moderate level of protection. The last scenario of CC indicated a 
compact mode of urban development. In the excluded layer, buffer zones between 1 km and 2 km from the existing 
urban area have exclusion value of 50; zones beyond 2 km from the existing urban area have exclusion value of 70; areas 
around dispersed urban patches whose size is less than 10 ha have exclusion value of 100.  

Table 1. Summary of growth types by the SLEUTH model (adapted from the reference [12]). 

Growth 
cycle order 

Growth type Controlling coefficients Summary description 

1 spontaneous diffusion Randomly selects potential new growth cells. 

2 new spreading center breed Growing urban centers from spontaneous growth. 

3 edge spread Old or new urban centers spawn additional growth. 

4 road-influenced road-gravity, diffusion, breed Newly urbanized cell spawns growth along road network. 

Throughout slope resistance slope Effect of slope on reducing probability of urbanization. 

Throughout excluded layer user-defined User specifies areas resistant or excluded to development. 

3.3 Buffer analysis 

To explore the impact of CBD (Central Business District) on urban development, eight buffer zones with 2 km interval 
were generated around Wuling Square which is the CBD of Hangzhou [19]. Also to investigate the spatial pattern of newly 
developed land, 15 buffer zones with 200 m interval were generated from four urban fringes to outside. The urban 
growth intensity per year (LTI) was calculated using the following formula [20]:  

( ) %1001
××

−
=

TA
AALTI ab                                                                          (1) 

where Aa and Ab are the urban areas in the starting year a and the ending year b, respectively; A is the total land area; T is 
the time span from the year a and year b.  

4. RESULTS 
4.1 Results of SLEUTH model 

4.1.1 Calibration results 

Compare statistic is a ratio of the amount of projected urban pixels by SLEUTH model and the amount of real urban 
pixels in the ending year. Lee-Sallee statistic is a ratio of the intersection and the union of the projected and real urban 
areas. During calibration, the above statistics showed the trend of ascending as expected. The Compare and Lee-Sallee 
statistics were up to 0.95 and 0.59 in the final calibration, respectively, which indicated a good fit of urban area and 
spatial pattern since the Lee-Sallee statistic seldom approached 0.6 in recent applications of SLEUTH [12]. The calibrated 
parameter values were: diffusion = 7, breed = 58, spread = 76, road gravity = 75, slope resistance = 65. The visual output 
of calibration was shown in Fig.2.  

From the results of calibration, the projected urban area was larger than real urban area. A ratio of projected urban area 
and real urban area was 1.4 in 1996 and it decreased to 1.08 in 2005. This trend suggested that projected urban 
development was more consistent with real situation in 2005 than that in the past. The growth rates were 10.6%, 15.6% 
and 7.3% for three periods of 1991-1996, 1996-2000 and 2000-2005. The projected growth rates by SLEUTH model 
were 23.6%, 8.2% and 5.4%. This growth rate disparity indicated that SLEUTH model was less effective to simulate 
wave-like and nonlinear urban expansion during economic transitional period in Hangzhou.  

In addition, polycentric urban form was found in Hangzhou due to linear growth along roads and edge growth around 
existing urban centers. However, dispersed urban growth pattern occurred in calibrated result for 1996. Finally, it is clear 
that SLEUTH model was less powerful to simulate the new type of urban development, such as State-Approved 
Development Zones of Xiasha subcenter. This may be explained by the fact that hotspots of urban development changed 
frequently due to the complex behaviors of local government and developers in transitional period.  
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Fig.2 Visual output of calibration results and actual situation in Hangzhou 

4.1.2 Prediction results 

Four scenarios in 2020 by SLEUTH model were shown in Fig.3. From this Figure, large amount of edge growth would 
occur around the existing urban centers. The MSQ had the largest newly developed urban area, mainly along road 
corridors, leading to urban sprawl in the future. The ER had limited newly developed urban area by narrowing down 
urban development towards those areas which have access to transportation infrastructure and services, such as the west 
of Linping center and the south of Main center. The MFP prevented farm lands in the north of Linping center and the 
south of Jiangnan center from urban encroachment. The CC had the most compact and regular urban morphology among 
four scenarios, which was regarded as a good urban form by urban planners.  

 

4.2 Temporal process of urban expansion 

4.2.1 Growth of urban area 

Based on temporal Landsat images, urban area increased linearly between 1991 and 2005. From Fig.4 (a), urban area was 
125 sq km in 1991 which was 11.7% of the total area. It increased to 426 sq km in 2005 which was 40% of the total area 
and was 3.4 times of that in 1991. In 2020, urban area will be up to 596 sq km by averaging the urban area in the four 
scenarios. Newly increased urban area in MSQ was as high as 189 sq km, while that in ER was cut down by 35 sq km by 
incentive polices. Those in MFP and CC were cut down by 18 sq km and 26 sq km respectively due to restrictive 
policies. An interesting finding is that urban growth pattern in Hangzhou was shifting from one main center to multiple 
subcenters. The newly increased urban area of the main center was larger than that of subcenters in the past. However, in 
ER, the newly developed area of the main center was decreased to 33% of the total new urban area. The consumption of 
cultivated land, forest, and water has been shown in Fig.4 (b). The loss of cultivated land area in ER and CC was at a 
speed of 7.5 sq km per year while the losses in MSQ and MFP were at a speed of 9 sq km and 8 sq km per year, 
respectively. Fragmentation of cultivated land earns increasing attentions during urban land conversion in the future.  
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Fig.3 Four projected scenarios of urban expansion in 2020 
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Fig.4 Projected urban area and land consumption in four scenarios, the left figure (a) shows urban area between 1991 and 

2005, the right figure (b) shows possible land consumption in scenarios between 2005 and 2020 
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4.2.2 Phases of urban expansion 

Historically, urban land expanded along the north-south axis in the east of West Lake, leading to narrow urban form of 
Hangzhou [21, 22]. Recently, the urban form changed gradually from “palm shape” to “fan shape” [17]. As was seen from 
satellite imagery, residential land expanded towards suburban area along major roads, Beijing-Hangzhou Grand Canal 
and Qiantang River in the early 1990s. Industrial sites were relocated in the north nearby urban built-up area during the 
same period. The primary urban development plan of Hangzhou was revised in 1996, which proposed to build a 
polycentric city through developing Jiangnan and Xiasha subcenters [23]. The two districts adjacent to northern and 
southern suburban areas were annexed into Hangzhou in 2001. According to the scenarios by SLEUTH model (Fig.3), 
Hangzhou will witness dispersed urban form through polycentric urban development, which terms the era of ‘one main 
center and three subcenters’. There will be three hot-spots of the growth in the near future. The first hot-spot is both sides 
of Highway for residential development; The second spot is the west of the main center and Xiasha subcenter for 
university town; The last one is Qianjiang century CBD for commercial development.  

4.3 Spatial analysis of urban expansion 

As is seen from Fig.5 (a), the growth intensity curves of urban expansion from CBD had a peak at 3 km before 2000, but 
while the curve approached a peak at 6 km in 2005. These curves reflected an important impact of CBD on urban 
expansion. In Fig.5 (b), the growth intensity curves showed a peak at 12 km with proximately normal distribution in four 
scenarios. The decline of growth intensity to 1.5% indicated the weakening impact of CBD in the future. MSQ had 
higher growth intensity around the main center than others. 
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Fig.5 Spatial differences of growth intensity among the buffer zones from CBD. The left figure (a) shows growth intensity between 

1991 and 2005; The right figure (b) shows growth intensity of scenarios between 2005 and 2020 

The growth intensity from urban fringe to outside showed a different trend. During the study period, the growth intensity 
declined in power function with an inflection at 500 m from urban fringe. According to Fig.6 (a), the power of the 
function was -0.528 for the period of 1991-1996, reflecting compact urban form. The power increased to -0.211 for 
1996-2000, reflecting leapfrog urban development. It was -0.309 for 2000-2005, suggesting constrains of urban sprawl. 
In Fig.6 (b), each scenario had a power function with the power ranging from -0.3 to -0.7, which indicated dispersed or 
compact urban form. Specifically, CC with a power of -0.7 had compact urban form while MSQ with a power of -0.3 had 
extended urban area. Fortunately, the average growth density of different scenarios in the future will be lower than that in 
the past.  

4.4 Policy assessment 

Based on different assumptions, SLEUTH model has been used to generate four scenarios for policy assessment. For 
example, ER got the roads in transportation plans involved into the simulation of urban expansion and MFP considered 
the effect of the farmland protection policy. From the results, MSQ showed a dispersed urban pattern. Primary urban 
development planning or land use planning may help save farmland and adjust urban morphology; MFP restricted urban 
development by involving farmland protection policy; ER had the least impervious surfaces [24] by clustering population 
and industry in subcenters; CC showed more compact polycentric urban form than others. It is essential to make use of 
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the advantages of ER, MFP and CC to compromise multiple objectives of urban planning, such as urban growth, 
farmland protection, and ecological maintenance. 
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Fig.6 Spatial differences of growth intensity among the buffer zones from urban fringe. The left figure (a) shows growth intensity 

between 1991 and 2005; the right figure (b) shows growth intensity of scenarios between 2005 and 2020 

5. CONCLUSIONS 
This paper has demonstrated the differences and similarities among different scenarios by SLEUTH model. Based on 
temporal land cover maps derived from remotely sensed data, this paper used SLEUTH model to simulate the urban 
development of Hangzhou in the past. Through the calibration, the suitability of SLEUTH model for the simulation of 
urban expansion has been discussed. Since the Compare statistic and Lee-Sallee statistic were up to 0.95 and 0.59 
respectively, SLEUTH model was found to be useful to simulate urban growth in Hangzhou. But some assumptions 
about neighbor rules prevented SLEUTH from modeling government-led behaviors such as establishment of new 
subcenter.  

The experiments in this paper show that SLEUTH model is useful for policy assessment. In this research, four scenarios 
of MSQ, ER, MFP, and CC were projected. The MSQ scenario showed that 189 sq km land would be developed, which 
had negative impacts on cultivated land and ecological land. The other scenarios represented urban growth under 
incentive or restrictive policies. From the results, spatial-temporal patterns of urban growth in these scenarios were found 
to be similar with those in the past. However, the growth intensity decreased and hotspot area moved towards subcenters 
in the future.  
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