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Abstract: Chinese cities are experiencing rapid urban expansion and being transformed into 

more dispersed urban form which necessitate the quantification of fine-scale intra-urban 

characteristics for sustainable urban development. We propose an integrated multi-level and 

multi-dimensional method to characterize urban sprawl and apply it to Wuhan, a typical 

metropolitan area in central China from 1996 to 2006. The specifications of levels are parcel 

at micro-level, district at meso-level and metropolitan area at macro-level. The measurements 

are implemented in seven dimensions: composition, configuration, gradient, density, proximity, 

accessibility and dynamics. Metrics are assigned to each dimension and innovative metrics 

such as derived contagion index, distance-based correlation coefficient and weighted 

centroid migration are defined to quantify the sprawling process. This bottom-up approach is 

capable of exploring spatio-temporal variation of urban growth at finer scales, capturing the 

multi-dimensional features of urban sprawl and providing policy implications for authorities 

at different levels. The results reveal that industrial sites and built-up land for special use are 

the most scattered and randomly distributed land use types, parcels and districts at the urban 

fringe present higher fragmentation than those in the urban core areas and urban expansion is 

largely enforced by assigning development zones. 
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1. Introduction 

Urban sprawl is typically used to describe low-density suburban development around the periphery 

of cities [1]. The understanding of urban sprawl can be traced to its alternative terms such as “urban 

growth” and “urban expansion”. On one hand, urban growth has been defined in a broader sense 

including either an expansion of population, or economic activity within an urban area [1]. Brueckner 

has taken the term “urban sprawl” as the excessive spatial growth of cities [2]. Glaeser and Kahn argued 

that urban growth is realized through sprawl, and urban growth and urban sprawl were almost 

synonymous in their work titled “Sprawl and urban growth” [3]. On the other hand, there is another 

school of thought that urban sprawl is the inefficient or excessive urban expansion, resulting in a large 

loss of amenity benefits or natural resources [4–6]. This opinion has been fashionable in China as the 

encroachment of farmland is largely ascribed to the expansion of urban space [7–9]. Meanwhile,  

sprawl is also been identified as one of the five types of urban expansion by Camagni et al., which is 

characterized by new scattered development lots [10]. As a result, to some extent, urban sprawl is 

regarded as a featured form of urban expansion or urban growth, and these expressions are 

interchangeable with each other in many cases [11]. In our study, in order to clarify the following 

analyses, we here define urban sprawl in a wider sense, including spatial growth or expansion, as well as 

the scattering of associated human activities, from city centers to the outer periphery. 

Since China’s economic reform, in particular land reform, urban sprawl is taking place in most 

Chinese mega-cities and has transformed them into more dispersed and multi-centered urban  

forms [12,13]. This is accomplished by the expansion and dispersion of built-up land towards suburban 

regions and most of newly built-up areas are converted from agricultural lands [14,15]. In China,  

the magnitude of built-up land or the Jianchengqu sprawling has evidently outstripped the urban 

population expansion and we are experiencing a land dominated sprawling era. Jianchengqu is regarded 

as the delineation of a specific area which has been constructed and equipped with the necessary 

infrastructure around the urban center. It is also asserted that urban sprawl is largely driven by the 

policies formulated by local government with the intention to stimulating local economic growth [16,17]. 

Here we would like to introduce three institutions or policies closely related to urban sprawl. First of all, 

in the past several decades, we have experienced extensive campaign to transform urban structure 

through setting up various development zones such as Special Economic Zones, Special Economic 

Development Zones, High-tech Development Zones and Industrial parks [12,18]. Secondly, the 

establishment and development of land market make the lease of the land available from local 

government and realize the decentralization of economic development to a large scale [17]. Thirdly, 

with the implementation of national project of “transforming county into urban district” to accelerate an 

overall metropolitan development, intra-urban structures have undergone tremendous changes and 

previous counties or districts with rural characteristics have gradually turned into more urbanized area. 

Bhatta argues that reliable sprawl measurements are highly demanded in consideration of the end users 

who are city administrators and planners. Hence, the quantification of urban sprawl is expected to 
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accommodate these administrative and institutional contexts, which has not yet been fully realized in the 

previous research. This is essential in China, as the role of government has been more direct and 

powerful in setting the suburbanization process in motion and there is a pressing need for tools and 

metrics to be pragmatic for reference in devising policy responses to the problems associated with 

sprawl [19,20]. Therefore, we raised the first question on how to design the metrics at multiple levels 

corresponding to the administrative hierarchies in China when measuring urban sprawl.  

On the other hand, a series of approaches and metrics have been developed to measure the sprawling 

process with different focuses during the past decades [1,21,22]. Hasse proposed a series of five 

indicators in relation to several critical land resource impacts associated to sprawl and applied to  

566 municipalities in New Jersey [23]. Torrens looked across its characteristics from urban growth, 

density, social aspect, activity space, fragmentation, decentralization and accessibility in a comprehensive 

fashion and applied 42 attributes to Austin, Texas concluding with the coexistence of urban sprawl and 

smart growth [24]. Salvati took changes in city vertical profile as an indicator of sprawl and investigated 

sprawling process in a Mediterranean urban region [25]. In China, the area of built-up land has been 

regarded as an objective reflection of the degree of urban sprawl in the context of land-dominated 

urbanization. It has been widely used to characterize urban sprawl, capture the dynamics of landscape 

change and develop efficient containment strategies [9,12,26–28]. We could not deny, however, 

attempts have not yet been made to link those dimensions or metrics to administrative units such as 

parcel or district to make a systematic quantification [29,30]. This inspires our thought on the second 

question: are those frequently used metrics befitted to accommodate all the levels or scales and even is 

it necessary to adapt the metrics to each level or scale? In particular, metrics for the spatially explicit 

analysis of urban patterns at a sufficiently disaggregate scale still remain scant [31], although efforts 

have been made on individual units such as parcels or cells or at the street-town level to measure urban 

sprawl. As a result, the integration of multi-level and multi-dimensional measurement would benefit 

both the end users to formulate the mitigation or smart development policies as well as the researchers 

for a better exploration of intra-urban structure and process.  

Based on the enormous amount of literatures on urban sprawl, its characteristics and measurement, 

we propose an integrated multi-level and multi-dimensional method to characterize the sprawling 

pattern of Wuhan, a metropolitan area in China typically influenced by the three policies mentioned 

before. The purpose of our approach can be categorized as to (1) to devise indicative metrics in a 

multi-dimensional manner for characterizing urban sprawl; (2) to implement the multi-level analysis in 

terms of parcels, districts and metropolitan area; (3) to illustrate the application of multi-level and 

multi-dimensional metrics for policies makers. 

2. Study Area and Materials 

Wuhan, the capital city of Hubei Province, is the largest mega-city in central China with a 

metropolitan area of approximately 8494 km
2
. It lies between 113°41′E to 115°05′E and 29°58′N to 

31°22′N, located where the Han River flows into the Yangtze River, in the eastern of Jianghan Plain.  

It consists of six districts in the suburb and seven districts in the urban core area (Figure 1). Wuhan is one 

of the pioneers in the process of transforming counties to urban districts to foster urbanization and 

economic growth. In addition, there are three national developments and two provincial development 
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zones so far, including the most primitive East Lake High-tech Development Zone which has been 

renowned as “Chinese Optic Valley”. 

Figure 1. Location of the study area (The larger submap right illustrates the six suburban 

districts and the small submap on the lower left refers to the seven central districts.  

We abbreviate the names of the 13 district as follow: JA: Jiangan, JH: Jianghan, QK: 

Qiaokou, HY: Hanyang, QS: Qingshan, WC: Wuchang, HS: Hongshan, HP: Huangpi, 

DXH: Dongxihu, CD: Caidian, HN: Hannan, JX: Jiangxia, XZ: Xinzhou). 

 

According to China’s sixth national census, by the end of 2010, the total population of Wuhan has 

come to 8.36 million and the non-agricultural population reached 5.41 million. It has also experienced a 

rapid economic development and GDP has reached 69.24 billion Euro in 2010, over 30 times than that  

in 1990. Over hundreds of years, because of its geographic position at the confluence of two large rivers 

and in central China, the city is a major hub of trade and transportation surrounded by farmland and 

forests [32].  

Material used includes land use maps in 1996 and 2006 with attributes of land use type (a derived 

unified classification system with 25 land use categories), parcel name and other auxiliary information 

assigned to each patch, Wuhan Geographic Information Blue Book (2006–2011) (WGIBB), China City 

Statistical Yearbook (1984–2010) and Wuhan Statistical Yearbook (1995–2010). Parcel here is 

classified by the ownership of land; therefore it is not a homogeneous individual unit in terms of land use 

type, but an aggregate unit with different type of patches (Figure 2). Four categories are defined as 

built-up land for analysis: settlements (city and town), roads (railway, highway, and other roads), 

industrial sites and built-up land for special use such as parks and military occupancy.  
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Figure 2. Framework of a multi-level and multi-dimensional characterization (Abbreviations 

for the metrics would be used in the following part; the symbol “*” in metrics represents the 

metric which is not present at all the levels). 
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3. Multi-Level and Multi-Dimensional Metrics 

Metrics are devised in a multi-level manner through a bottom-up approach and the criterion for the 

selection of levels is their relevance to local and regional jurisdictions where decisions regarding 

planning and development options occur [33]. At each level, the criterion for the selection of metrics is 

that they are quantitative and extensive enough to exhibit most of the characteristics with respect to land 

use, landscape structure, urban form and socio-economic development. The specifications of metrics in 

each dimension for each level are list in Figure 2 and we elucidate the calculation and connotation of 

each metric in Appendix I. 

 Composition 

We use composition dimension to describe the change in urban form associated with land resource 

consumption, as land development is directly contributed to urban sprawl and embodies human 

socio-economic activities [22,34]. Metrics applied include built-up patch density (BPD), percentage of 

settlement area (PS), percentage of transportation area (PT), percentage of industrial site (PI), and 

percentage of built-up land for special use (PBS). At the metropolitan level, percentage of development 

zones (PDZ) is also taken into account. This indicator is applied to show the proportion of the area of 
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development zones because they are increasingly scattered in many cities and the delineation of 

development zones has been a crucial tool to propel urban sprawl in China [35]. 

 Configuration 

Configuration metrics derived from landscape ecology such as fragmentation, heterogeneity, 

diversity, compactness and morphological features are employed [36,37]. Shannon diversity index 

(SHDI), shape index (SI), contagion index (DCI) and perimeter-area fractal index (PAFRAC) are 

applied to parcel level. For the contagion index, since our focus is urban built-up land and land use data 

is in vector format in our study, we propose a derived contagion index (DCI) from the one in landscape 

ecology Equation (1).  
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where Pi is proportion of land use i for the total area, mi is the total number of adjacencies for land use  

i and mij is the number of adjacencies between land use type i and land use type j. The range of the DCI 

is from 0 to 1, when the parcel is a homogenous unit with a single land use type, the value of DCI is 1 and 

the lower the value is, the more dispersed distribution of this land use type. Apart from that, Shannon 

entropy and spatial autocorrelation index (MI) are included to quantify the distribution of built-up land 

and the degree of decentralization at district and metropolitan level [38]. The specifications of SE and 

MI are explained in the appendix attached Appendix I.  

 Density 

We take density as a manifestation of population and economic input and output in relation to land 

consumption in urban sprawl [39,40]. As socio-economic activities are orderly organized and administered 

at district and metropolitan area levels and aggregated statistical data are available, we introduce 

population, non-agricultural population, GDP and fixed assets investment for the measurement in density 

dimension at these two levels. Unlike the per capita indices, we relate them to land consumption by 

dividing them to the total land area to produce the metrics of PopD, UPopD, GDPD and FAID.  

 Gradient 

The previous gradient analysis illuminates the spatio-temporal dynamics of built-up land or relevant 

landscape metrics [25,41]. In our research, gradient is designed at the micro-level to depict the 

sensitivity of urban built-up land to the distance to urban core center. The study area is divided into eight 

concentric circles of 10 km incrementing radius for analysis. To guarantee the number of parcels in 

correlation analysis, circles have been aggregated into four zones: <10 km, [10 km, 20 km], [20 km,  

40 km], >40 km in 1996 and five zones: <10 km, [10 km, 20 km], [20 km, 30 km], [30 km, 50 km],  

>50 km in 2006. For each ring, there are at least 80 urban parcels for the estimation of area-distance 

correlation coefficient (ADC) and density-distance correlation coefficients (DDC). 

 Proximity 

Proximity to highway, to city center, to CBD and major infrastructures are empirically verified as the 

major determinants for land development, although not all of them are essential in the multi-polar  

space [42,43]. We therefore adopt the average distance from each parcel to the weighted centroid of each 
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district to measure proximity at the district level. This is accomplished by first of all, the calculation of 

settlement centroid, transportation centroid for each district and built up land centroid as the city center 

based on gravity model (Equation (2)). Secondly, the estimation of average distance as specified in 

(Equation (3)). 
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where iX  and iY  is the coordinates of parcels in a specific district and iw  is assigned by the 

percentage of settlement area, the percentage of transportation area or the percentage of built-up land 

area in different cases. In Equation (3), ( SX , SY ) is the coordinate of the settlement gravity center to 

produce ProSub. Similarly, ProTP and ProC are produced according to Equation (3) with the substation 

of transportation centroid ( TX , TY ) or built-up land centroid ( CX , CY ) to settlement centroid ( SX , SY ). 

N is the number of parcels in the districts.  

 Accessibility 

Proximity and accessibility are similar in the sense that they both measure the efficiency of spatial 

interactions and degree of convenience [31,44]. High level of accessibility also implies short average trip 

length, commute time and better transportation environment [45,46]. We herein interpret accessibility as 

the reflection of transportation efficiency and capacity, and design three metrics: comprehensive 

highway index (CHI), comprehensive railway index (CRI) and comprehensive aviation indices (CAI) 

(Equation (4)).  

2

HDFHDP VV
CHI


  (4) 

VHDP and VHDF are the standardized values calculated from two indicators—“Freight ton kilometers” 

and “passenger kilometers” recorded in the Statistical Yearbook of Wuhan through max-min 

normalization to the range [0,1]. The same method is also applied to railway and aviation to produce the 

dataset of CRI and CAI. 

 Dynamics 

Dynamics exist among all these dimensions and we define it as the centroid migration for probing 

into the temporal and spatial variation of urban patterns in a comprehensive manner [47]. As described 

in the proximity dimension for the estimation of settlement and transportation centroids for district, we 

calculate these centers at the metropolitan area level as well. Then centroid migration is estimated as 

specified in (Equation (5)). 

   221

2
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( 1SX
, 1SY

) and ( 2SX
, 2SY

) are the coordinates of settlement centroids in 1996 and 2006 respectively 

and then the settlement migration distance SCM is obtained. The transportation migration distance TCM 

can also be estimated accordingly.  

4. Sprawling Pattern at Parcel, District and Metropolitan Level 

4.1. Sprawling Measurement of Parcels 

There are 405 parcels in 1996 and 581 parcels in 2006 with urban settlement, which we take as urban 

parcels for analysis. Table 1 shows the average values of the composition and configuration metrics at 

the parcel level. Although the number of parcels with urban settlement has increased during the past ten 

years, built-up patch density (BPD) has decreased from 27.92 to 17.48. This implies that urban built-up 

land has been more homogeneous in parcels; at the same time, SHDI has increased from 1.189  

to 1.199, indicating land use has been slightly more diversified. Metrics in the composition dimension 

have all presented a growth trend and settlement forms the largest proportion whereas industrial sites 

increase most rapidly from 1996 to 2006. Through the calculation of SI and PAFRAC in configuration 

dimension, it is found that shapes have been more regular and the space has been more filled (more 

compact) at the parcel level. It is also revealed that parcels at the urban fringes show higher SHDI and 

lower PAFRAC with the implication of higher fragmentation. Table 2 records the result of contagion 

metrics for all the built-up land types. All of them have been in a more compact distribution and 

industrial sites have changed the most from 1996 to 2006.  

Table 1. Result of composition and configuration metrics. 

Metrics BPD(/km
2
) PS PT PI PBS SHDI SI PAFRAC 

1996 27.922 28.73% 0.99% 4.38% 0.70% 1.189 1.855 1.556 

2006 17.479 36.32% 1.39% 6.69% 0.90% 1.199 1.655 1.551 

Table 2. Result of contagion indicator. 

Contagion 

Index 

Sub-classification of built-up land 

Railway Highway 
Urban 

settlements 
Towns 

Industrial 

sites 

Built-up land  

for special use 

1996 0.646 0.655 0.630 0.633 0.589 0.572 

2006 0.690 0.677 0.680 0.681 0.650 0.633 

More or less + + + + + + 

Table 3 shows the result of gradient analysis and it is found that the percentage of built-up land area 

(PB) and built-up land density (BD) are more sensitive to distance to the city center in 2006 than that in 

1996. PB is also found to be more sensitive to distance than built-up density in 1996, though this 

difference has shrank in 2006. It is also interesting to discover the alternation of positive and negative 

correlation coefficient between PB or BD and distance, with the implication of the sprawling process 

and the interaction of centripetal and centrifugal forces as the distance from city center to the urban 

fringe increases. 
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Table 3. Result of gradient dimension. 

Distance from city center (km) 

 10 20 40 70  

96PBA 0.033 −0.104 −0.11 0.075  

96PBN −0.053 0.007 0.01 0.023  

 10 20 30 50 70 

06PBA −0.186 −0.064 −0.148 −0.051 0.005 

06PBN −0.07 −0.024 0.035 0.223 0.025 

Figure 3 illustrates the percentage of built-up area in urban parcels in a classified manner. An 

apparent growth around the periphery of the urban core area has been identified, either in a continuous 

expanding patter or in a leapfrogged sprawling pattern.  

Figure 3. Spatial distribution of the percentage of built-up area at the parcel level (Parcel is 

stored in land use database with the land use ownership as the identification attribute; urban 

parcel is defined by the judgment on whether the parcel has urban settlement).  

  

 

We also extract 232 urban parcels simultaneously present in the dataset in 1996 and 2006 for 

comparison. Change ratio (CR) is calculated by the difference of values in 1996 and 2006 divided by the 

average of their values. The range of CR is from −200% to 200%. Tables 4 and 5 exhibit CR of 

composition and configuration metrics from 1996 to 2006 respectively. The proportion of CR with the 

value more than 100% approximates to 40% in PT, which is the largest among all the metrics in the 

composition dimension; whereas the proportion of negative CR is a little less than 20% in PS, which is 

the least. The change of SHDI is much greater than that in PAFRAC, while the largest proportion of CR 

comes to the range from −10% to 10% for SI and PAFRAC. Specifically, 65 parcels are diagnosed to 
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increase more than 100% in terms of CR for PS and they are mostly distributed in the range of ring 2, 

ring 3 and ring 4. Parcels in the north and east appear to be lack of transport construction and PBS is also 

found to grow more than 100% most likely in ring 3 and ring 4 (rings are divided as described in gradient 

calculation in Section 2). 

Table 4. Change ratio of composition metrics from 1996 to 2006. 

Change Ratio Interval PBN SD TD ID ODG 

< −100% 4.55% 7.95% 7.85% 28.93% 31.40% 

−100% ≤ CR ≤ 0 35.64% 0.52% 1.34% 10.64% 7.95% 

CR = 0 7.85% 72.31% 76.55% 9.19% 23.35% 

0 ≤3CR ≤ 100% 41.32% 0.83% 1.34% 10.95% 7.54% 

CR ≥ R100% 10.64% 18.39% 12.91% 40.29% 34.50% 

Table 5. Change ratio of configuration metrics from 1996 to 2006. 

Change Ratio Interval SHDI SI PAFRAC 

< −100% 26.03% 29.86% 12.81% 

−100% ≤ CR ≤ 0 12.91% 23.35% 33.06% 

0 ≤ CR ≤ 100% 15.29% 23.45% 39.88% 

100% ≤ CR ≤ 200% 12.40% 10.54% 10.95% 

CR ≥ 200% 33.37% 12.81% 3.31% 

As aforementioned, since villages are distributed both in urban and rural areas, it is hard to define 

urban parcel, as a result, we include all the parcels with urban settlement for the analysis at the parcel 

level. Built-up land here refers to urban settlement, transportation, industrial sites and land for special 

use. Figure 4 maps land use changes in four typical parcels. It implies a continuous development of 

urban settlement, declining trend of parcel number and the loss of farmland. Specifically, newly 

development roads appear to connect urban settlement and industrial sites (Figure 5c), industrial sites are 

distributed in a dispersed manner and new constructions are primarily realized by occupying cultivated 

land (Figure 5a,d), and abandoned industrial land is likely to be transformed to urban settlement 

(Figure 5b).  

From what we have observed, urban areas mainly sprawled through both the infilling process and 

the outlying expansion at the parcel level. Most newly appeared urban parcels are around the intersection 

part between city core and suburban districts. In the urban parcel, however, the distribution of built-up 

land has been more compact. Sprawl, in this case, is realized primarily by merging patches with the 

same land use type as well as expanding, which is especially true for industrial sites and settlement.  

On the whole, a key factor to determine whether the urban parcel is sprawled or not is its distance to 

the city center, which has become increasingly important from 1996 to 2006. 
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Figure 4. Land use change in four typical urban parcels from 1996 to 2006; (a) Village of 

SHI LI PU in 1996 and 2006  (b) Faculty of Agricultural Sciences in 1996 and 2006; (c) 

Village of Da Ji in 1996 and 2006; (d) Village of Jia Ling in 1996 and 2006.  

 
 

  

(a) (b) 

 
 

  

(c) (d) 
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Figure 5. The Change Value of metrics for each district from 1996 to 2006 (Color ramp 

represents the change of each metric in each district and the symbol size refers to the value of 

each metric in 2006). (a) Change of built-up land patch density (BPD); (b) Change of 

percentage of settlement area (PS); (c) Change of percentage of transportation area (PT);  

(d) Change of percentage of industrial site (PI); (e) Change of Percentage of built-up land for 

special use (PBS); (f) Change of Shannon diversity index (SHDI); (g) Change of shannon 

Entropy (SE); (h) Change of shape index (SI); (i) Change of perimeter-area fractal index 

(PAFRAC); (j) Change of spatial autocorrelation index (MI); (k) Change of PopD;  

(l) Change of UpopD; (m) Change of GDPD; (n) Change of FAID; (o) Change ratio of ProC; 

(p) Change ratio of ProTP; (q) Change ratio of ProSub. 

   

(a) (b) (c) 

 

(d) 

 

(e) 

 

(f) 

   

(g) (h) (i) 
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Figure 5. Cont. 

   

(j) (k) (l) 

  

(m) (n) 
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Table 6. The value of each metric in the dimensions of composition, configuration, density and proximity in 2006 at the district level. 

Metrics Unit CD DXH HN HP JX XZ HY HS JA JH QK QS WC 

BPD 10
6
/m

2
 1.61 1.92 0.30 0.91 1.25 1.85 3.26 3.36 2.95 1.48 3.20 2.78 1.38 

PS / 2.35% 2.67% 1.59% 1.04% 1.51% 8.56% 21.48% 10.63% 44.31% 71.34% 62.00% 45.48% 36.83% 

PT / 0.86% 1.69% 0.01% 0.51% 0.69% 0.49% 2.81% 0.98% 3.93% 1.47% 2.81% 0.56% 1.35% 

PI / 4.44% 5.21% 1.05% 1.71% 3.40% 1.43% 10.07% 4.97% 7.32% 0.92% 6.22% 6.90% 5.30% 

PBS / 0.32% 0.93% 0.11% 0.40% 0.68% 0.36% 0.74% 1.07% 0.14% 18.77% 0.42% 0.26% 0.10% 

SHDI / 2.37 2.38 2.25 1.71 2.21 2.33 2.27 2.60 1.92 0.97 1.45 1.90 1.49 

SE / 0.79 0.78 0.45 0.76 0.78 0.78 0.61 0.75 0.58 0.64 0.66 0.65 0.31 

SI / 1.55 1.86 1.99 1.33 1.47 1.44 1.78 1.53 1.89 2.19 2.79 1.66 2.40 

PAFRAC / 1.39 1.37 1.37 1.38 1.38 1.37 1.42 1.40 1.40 1.61 1.44 1.43 1.47 

CImax / 0.9627 0.8755 0.7940 0.6709 0.7064 0.8029 0.8921 0.7937 0.7095 0.9980 0.8213 0.7702 0.9993 

CImin / 0.5088 0.6900 0.5865 0.5022 0.4980 0.5121 0.8920 0.6014 0.5676 0.9693 0.5067 0.7695 0.9891 

MI / 0.24 0.49 0.24 0.37 0.35 0.38 0.24 0.27 0.26 −0.16 0.46 0.63 0.26 

PopD /km
2
 401 594 370 492 320 650 4845 1859 10,145 13,892 11,493 9948 13,163 

UPopD /km
2
 106 190 88 89 103 146 4190 1469 9840 13,892 11,256 9943 13,075 

GDPD milliom/km
2
 5.96 19.61 8.45 4.47 4.69 6.08 176.50 38.02 253.69 647.35 372.82 585.74 278.93 

FAID milliom/km
2
 2.17 15.76 2.34 2.08 2.68 2.67 54.10 24.29 173.96 366.50 121.32 87.89 120.64 

ProSub m 13,835 12,416 13,817 19,272 20,371 16,044 5129 13,098 3631 2714 2546 6638 4641 

ProTP m 13,593 9258 13,494 22,268 20,182 23,748 4754 12,600 3762 3068 2839 6506 5445 

ProC m 33,846 26,520 47,469 44,753 37,011 50,414 12,492 15,625 10,156 8008 12,599 14,268 5086 
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3.2. Sprawling Characteristics for Districts 

Table 6 records the value of each metric in the dimensions of composition, configuration, density 

and proximity in 2006 and Figure 5 illustrates the change of each metric from 1996 to 2006 at the 

district level. Districts within city center are in a superior position and have experienced greater change; 

HP and JX which are the largest districts in Wuhan metropolitan area are found to be inferior in density 

dimension. In 1996, JH exhibited the highest density value and WC developed faster by 2006. During 

these 10 years, the most obvious increases in population exist in DXH and HS. On the other hand, GDP 

and fixed asset investment grow fastest in QS and QK respectively. Built-up patch density declines most 

in WC and the most significant increase occurs in HP. DXH and Hongshan emerge as the fastest 

growing districts in terms of residential area whereas JX and JA are ranking higher with respect to the 

increase on transportation area. Industrial areas appear to triple in HN and QK experience the most 

increase for built-up land for special use. Through the calculation of metrics in configuration metrics, it 

is found that land use in districts in outer rings is more diversified and more dispersed, than that in the 

city center, whereas their shapes are more regular [24]. PAFRAC is apparently increasing in the past 

decade, which implies land use in urban core are more space filled and justifies the response to the 

proposition and implementation of “Intensive Urban Land Use Strategy” in China [48]. There is not 

much regular pattern for proximity metrics in temporal terms; however, greater change exists in 

suburban districts. The results of global Moran’s I reveal that HY in the city center changes from the 

highest of density of compaction to the most dispersed from 1996 to 2006. It is also found that urban 

settlements in QK are in the lowest density of compaction in 1996 and other land for transportation in QS 

is distributed most dispersedly in 2006. 

Unlike the sprawling process at the parcel level, the distribution of built-up land has been more 

scattered at the district level, which is coupled with more fragmented local landscape, in the suburban 

districts in particular. The distinct gap between urban and suburban areas in terms of density metrics has 

also been identified and the composition of the land form has changed greater in suburban districts 

especially in CD and JX. Urban districts in the city core, though also identified with the expansion and 

the dispersion of built-up land, continues to show an upward trend in density. The emerging suburban 

districts in the 1990s are the strategically reflection of the policy of transforming county into urban 

district and urban sprawl there is primarily realized by dispersing settlement, industrial sites as well as 

built-up land for some special use.  

3.3. The Metropolitan Sprawling Trend 

Figure 6a shows that the yearly population density and non-agricultural population density present a 

similar variation from 1984 to 2010 at the metropolitan level. An analogue pattern can also be found in 

GDP density and FAI density with a gradual growth before 1994 and an exponential increase after 2000. 

Figure 6b illustrates accessibility metrics measured by the standardized CRI, CHI and CAI, which 

demonstrates an increasing trend and the growth rate has been considerably higher after 2000. 
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Figure 6. Temporal change of density and accessibility metrics from 1984 to 2011.  

(a) Variation in density metrics; (b) Variation in accessibility metrics. 

  

(a) (b) 

Table 7 indicates that, in composition dimension, apart from built-up patch density, all the metrics 

have showed a remarkable increase, PI and PT in particular, with the implication of a rapid 

industrialization process and noticeable transportation advancement. Noticeably, there are only two 

development zones approved by the state council in 1996 with the area of approximately 725 km
2
.  

By the year of 2006, three national development zones and 12 provincial development zones have been 

designated with the total area of 1076.77 km
2
 and they are more scattered distributed within and around 

the city center, as displayed in Figure 1. 

Table 7. Results for Composition Metrics at the metropolitan level. 

 BPD PS PT PI PBS PDZ 

1996 1.37 2.65% 0.27% 1.68% 0.53% 8.56% 

2006 1.51 4.28% 0.75% 3.00% 0.57% 12.68% 

Through the calculation of configuration metrics, it is found that land use has been more diversified 

and urban built-up land has been more scattered (Table 8). Shape index has declined and PAFRAC has 

slightly increased. The results of derived contagion index tell us that the maximally concentrated land 

use type is settlement in cities and the most scattered is built-up land for special use among all the 

built-up land use types. The global Moran’s I has increased from 0.22 to 0.36 and maps of LISA (local 

indicators of spatial association) illustrates that a clear-cut high-high clustering has been statistically 

significant at the urban core and low-low pattern has been primarily at the suburban fringe both in 1996 

and 2006 (Figure 7), which implies the sprawling trend around the periphery of city center. 

Table 8. Results for Configuration Metrics at the metropolitan level. 

 SHDI SE SI CIMax CImin PAFRAC MI 

1996 2.41 0.7 1.52 0.71 0.55 1.33 0.22 

2006 2.55 0.77 1.45 0.75 0.54 1.34 0.36 



Sustainability 2014, 6 3587 

 

 

Figure 7. Spatial autocorrelation of Wuhan Metropolitan area (the unit for spatial 

autocorrelation analysis is parcel). 

 

 

Table 9 describes values of the metrics in the dimensions of proximity and dynamics dimension. It is 

shown that proximities to settlement, transportation and city center have increased slightly and 

dynamically, urban settlement centroid has migrated 4965.11 m to southwest and in the same direction 

the shifting distance is 2437.14 m for transportation centroid. 

Table 9. Results for Proximity and Dynamics Metrics at the metropolitan level. 

 Proximity Dynamics 

ProSub ProTP ProC SCM TCM 

1996 37,772.91 37090.69 37,976.13 4965.11 2437.14 

2006 37,995.399 37,568.879 38,132.037 (Southwest) (Southwest) 

The Wuhan metropolitan area is also diagnosed as sprawl since urban built-up land has increased 

and their distribution is has become more scattered, which is similar with that at the district level. 

Density and accessibility, on the other hand, have also grown tremendously in the past twenty years, 

which is another evidence of the co-existence of sprawl and compact development. Noticeably,  

urban sprawled towards southwest and the area of development zones have expanded with more than 

300 km
2
 at the peripheral areas between city center and suburban district.  

5. Discussion and Implications 

At the beginning of this study, we raised two questions on how to establish a hierarchical measurement 

and how to choose appropriate metrics at each level to improve the practicality of the measurement and 

to realize the sustainable urban development. The first issue is resolved by devising the metrics at three 

levels: micro-level (parcel), meso-level (urban district) and macro-level (metropolitan area). For 

0 30,000 60,000 90,00015,000
Meters
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characterizing urban sprawl in a metropolitan area, macroscopic measurement is suitable for tracing the 

comprehensive development, however, this may result in great deficit information and a sprawled 

pattern for a metropolitan area can be heterogeneous at the intra-urban level such as district or other 

subsidiary administrative units. Highly disaggregate, georeferenced data on land use, together with the 

power of Geographic Information System (GIS), have enabled researchers in recent years to embark on 

quantifying fine-scale characteristics of urban land use pattern [31]. The employment of parcel and 

urban district as the levels for carrying out the multi-level measurement is highly novel and beneficial. 

Land is one of the fundamental aspects reflecting the administrative decentralization and the 

revitalization of the land market has necessitated the control of urban sprawl to be implemented at the 

bottom parcel level. By identifying parcels with great changes in relate to land resources, policy makers 

can formulate adaptable regulations for those land owners. We have illustrated the internal land use 

changes in four typical parcels and the most prominent problem is still the occupation of cultivated land 

as the cost of the expanding built-up land. As a result, the farmland protection policies need to be 

reinforced, especially at the finer scale such as parcel. Urban districts could be regarded as a medium and 

transitive level as a certain degree of autonomous right for regulating land use exist at this level. In the 

first section, we mentioned the strategy of “transforming county into urban district” which strengthens 

the importance of investigating its socio-economic and spatial structure as their change is the most 

straightforward reflection of urban sprawl. Two of the six urban districts in the vicinity are transformed 

from counties and the striking disparity is observed between the six urban districts at suburban areas and 

the seven urban districts in the city center. Measurements at this level lay the foundation of formulating 

policies such as mitigating population density, controlling the expansion of residential area and curbing 

the expansion of industrial sites in central district such as JH. On the contrary, development in suburban 

districts such as HP, HN and JX should be considered to be strengthened in terms of financial support 

and infrastructure construction. Meanwhile, urban settlement is further scattered in districts outside the 

city center such as HP and JX and a more compact spatial restructuring is expected to be implemented in 

the future. 

Then we move to the second aspect on the selected dimension and metrics as well as their relevance 

and representativeness to the three levels. These 28 metrics in seven dimension can be generally 

categorized into three groups—one referring to metrics present in all the three levels, one is the metric 

only exists at the parcel level and the last group includes metrics characterizing urban sprawl at the urban 

district and metropolitan level. For the first group, metrics are primarily similar with those in landscape 

ecology functioning in the manifestation of the composition and configuration in certain areas. There 

exists scale effect here; even the parcel is located in a certain urban district, the values for this parcel and 

for this urban district can be of great difference in composition and configuration dimension. Meanwhile, 

the temporal variation can also be scale-sensitive. This spatio-temporal heterogeneity is what we 

expected to be useful for providing policy implications at the finer scale in intra-urban development. 

Another group exclusively pertaining to parcel level is the gradient dimension embracing two metrics 

ADC and DDC. This is a special dimension as it actually expresses the overall spatial change, though the 

variable herein is affiliated to parcel. The gradient metrics—ADC and DDC demonstrate the spatial 

distribution of the parcels reflecting the circle layer structure in a specific area. This helps to probe into 

the sprawling process and spatial changes not abided by the rule of economic geography may threaten 

the urban sustainability. The last group is those dimensions and metrics devised for urban districts or 
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metropolitan area. We employ more socio-economic metrics as well as spatio-temporal explicit metrics 

to capture the multi-faceted features of urban sprawl. As a matter of fact, when the small units are 

aggregated to a higher level, more complicated sprawl pattern or associated socio-economic 

development emerge. For example, PDZ is exclusively used at the metropolitan level as the 

development zones may span a dozen of parcels or adjacent districts and proximity allows us to judge 

the settlement or transportation distribution. As a result, it is difficult to distinguish one dimension or 

metric from others as each of them possess specific function to reveal the magnitude, pattern, direction 

or the dynamics of urban sprawl at different levels.  

In general, the superiorities of our approach are first of all, to understand the scale-effect and explore 

the intra-urban changes in the context of notable urban sprawl. Since we have hundreds of parcels and  

13 districts, we get the average value of different metrics and make comparisons. Most of the metrics 

vary in the same direction at different levels except PBS, FI and ProSub from 1996 to 2006. PBS grows 

at the parcel and metropolitan level while a downward trend appears at the district level; ProSub rises at 

the district level and declines at the metropolitan area level. FI has been mentioned in the previous 

paragraph. This has potential link to the scale-effect in urban planning which is largely negligible in the 

past and it is rendered potential recommendations to the spatial urban planning for land use and 

infrastructure construction. Second, the devising of the metrics is conformed to the principles of 

suitability, quantitativeness and feasibility, which makes us understand the pattern, the process and the 

magnitude of the sprawl in a comprehensive manner. It is noticeable that there are differences in 

matching metrics to different levels because adjustments would help to demonstrate their own 

characteristics. For example, MI appear at the district and metropolitan level but not at the parcel level, 

which is due to the fact that not all the parcels are with high complexity to demonstrate spatial concentration 

or decentralization. Meanwhile, our systematic measurement framework is easy to be implemented for 

other cases as it is not highly data-demanding. Third, in order to curb urban sprawl, a bottom-up 

approach is more operational with the strengths in policy making and implementation, especially when 

levels are corresponding to China’s administrative hierarchy [49,50]. Although a mass of literatures 

have mentioned the problem that scientific research, to a large extent, is scrambling to taking into effect 

for governors or administrators, there still appears to be lack of solutions. This is the same case in urban 

sprawl. In the sense of hierarchical urban administration, a metropolitan area is composed of districts or 

counties which are comprised by a number of parcels. The decentralization in controlling urban sprawl 

can thus be accomplished from parcels, where land is allotted to owners for use. The micro-level 

measurement together with the integration of aggregated district and metropolitan levels is beneficial for 

guiding the formulation of strategic management and planning policies.  

6. Conclusions 

In this research, we have performed the characterization and measurement of urban sprawl in a 

multi-level and multi-dimensional manner. On one hand, the results of the metrics applied in Wuhan 

back up the assertion that Chinese cities are tending to present mixed sprawling patterns with randomly 

expansion at urban fringe, strip development along or between highways, scattered and leapfrog 

development of industrial land and continuous development of urban residence [6,51]. Apparent 

expansion is identified around the periphery of urban centers at all these three levels with higher degree 
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of dispersion, which is largely attributed to the policy-oriented development such as setting up various 

development zones, industrial parks or by delineating “Jianchengqu” [11,17,52]. On the other hand, we 

have drawn three major conclusions methodologically: 

(1) This multi-level approach, which is parcel at micro-level, district at meso-level and metropolitan 

area at macro-level, is capable of identifying the scale-effect in urban sprawl and its 

spatio-temporal variation at finer scales. It allows a thorough understanding on the urban spatial 

structure as well as the socio-economic development. In particular, the investigation on parcels is 

novel and of great pragmatic values for better regulation on urban sprawl at finer scales. In 

addition, the scale-effect unearthed from the multi-level measurement provides substantial 

evidence to the importance of scale in urban planning and implicate the adjustment of land use 

and infrastructure construction in the near future. 

(2) The multi-dimensional characterization, which is categorized as composition, configuration, 

gradient, density, proximity, accessibility and dynamics, justifies the sprawling process by 

identifying the expansion of built-up land and dispersed distribution. It is revealed that industrial 

sites and built-up land for special use are found to be most scattered and randomly distributed, 

parcels and districts at the urban fringe present higher fragmentation than those in the urban core 

areas and urban expansion is enforced by assigning development zones or delineating 

Jianchengqu. Specifically, apart from measuring sprawling pattern in the whole metropolitan 

area, we also identified parcels or districts with great changes from 1996 to 2006 from 

dimensions which can facilitate the institutional management.  

(3) In addition, the integration of multi-dimensional and multi-level framework can be of great 

extendibility and feasibility. Additional metrics or dimensions can be easily embedded when 

relevant data or information are collected. Levels are not necessarily confined to aggregated 

units described above, but are determined in the consideration of city management and planning, 

hierarchical administration, data availability, etc. The framework we established and 

implemented here has proved to be effective for the exploration of the spatio-temporal variation 

of intra-urban pattern and provide reference for the administrators or policy makers in a 

pragmatic manner. 
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Appendix I 

Composition: 

(1) Built-up land patch density (BPD): 
A

NBP
BPD   

NBP is number of built-up land patches; A is area of the parcel; 

Units: IND/km
2
; Range: BPD > 0, without limit; 

Description: Built-up land patch density is a limited, but fundamental, aspect of landscape pattern. 

It expresses number of patches with built-up land attribute on a per unit area basis that facilitates 

comparisons among landscapes of varying size. 

(2) Percentage of settlement area (PS): 
A

A
PS s  

As is the area of settlements in a parcel; A is area of the parcel; 

Units: Percentage; Range: 0 ≤ PS ≤ 1; 

Description: Percentage of settlement area quantifies the proportional abundance of settlement 

patch type in the landscape. It is a relative measure of landscape composition important in many 

ecological applications. 

(3) Percentage of transportation area (PT): 
A

A
PT T  

AT is the area of transportation land in a parcel; A is area of the parcel; 

Units: Percentage; Range: 0 ≤ PT ≤ 1; 

Description: Percentage of transportation area quantifies the proportional abundance of 

transportation patch type in the landscape. It is a relative measure of landscape composition 

important in many ecological applications. 

(4) Percentage of industrial site (PI): 
A

A
PI I  

AI is the area of industrial land in a parcel; A is area of the parcel; 

Units: Percentage; Range: 0 ≤ PI ≤ 1; 

Description: Percentage of industrial site quantifies the proportional abundance of patch type with 

industrial land attribute in the landscape. It is a relative measure of landscape composition 

important in many ecological applications. 

(5) Percentage of built-up land for special use (PBS): 
A

A
PBS SU  

ASU is the area of open space and green space in a parcel; A is area of the parcel; 

Units: Percentage; Range: 0 ≤ PBS ≤ 1; 

Description: Percentage of built-up land for special use quantifies the proportional abundance of 

patch type with built-up land for special use attribute in the landscape. It is a relative measure of 

landscape composition important in many ecological applications. 
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(6) Percentage of development zones (PDZ) : 
A

A
PDZ DZ  

ADZ is the area of development zones; A is area of the parcel; 

Units: Percentage; Range: 0 ≤ PDZ ≤ 1; 

Description: Percentage of development zones quantifies the proportional abundance of the area 

of development zones in the landscape. It is a relative measure of landscape composition and 

applied to the measurement at the metropolitan level. 

Configuration: 

(1) Shannon diversity index (SHDI) 

SHDI is the area of open space and green space in a parcel; A is area of the parcel; 

Units: Percentage; Range: 0 ≤ PBS ≤ 1; 

Description: Percentage of built-up land for special use quantifies the proportional abundance of 

patch type with built-up land for special use attribute in the landscape. It is a relative measure of 

landscape composition important in many ecological applications. 

(2) Shape index (SI): 





n

k ij

ij

A

P
SI

1

25.0
, Pij is the perimeter (m) of patch ij; aij is the area of patch 

ij; k is the number of patches in each parcel/district/metropolitan area; 

Units: None; Range: 1 ≤ SI; 

Description: Shape index reflects shape complexity across a range of spatial scales. SI approaches 

1 for shapes with very simple perimeters such as squares, and the larger the values are, the higher 

degree of irregular shape it is of. 

(3) Shannon Entropy (SE): 
 








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
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n
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i

i
i

x

x
P
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Units: None; Range: 0 ≤ SI ≤ 1; 

Description: If the distribution of built-up land is maximally concentrated in a single cluster, then 

SE = 0, whereas if it is evenly distributed among the clusters, SE = 1. 

(4) Contagion index (DCI):  
 


n

i

n

j

ijij PInPDCI
1 1

1 ,
i

ij

iijiij
m

m
PPPP  /   

where Pi is proportion of land use i for the total area, mi is the total number of adjacencies for land 

use i and mij is the number of adjacencies between land use type i and land use type j. 

Units: None; Range: 0 ≤ DCI ≤ 1; 

Description: DCI approaches 0 when the patch types are maximally disaggregated (i.e., every unit 

is a different patch type) and interspersed (equal proportions of all pairwise adjacencies). 

CONTAG = 1 when all patch types are maximally aggregated; i.e., when the landscape consists of 

single land use type. Low levels of patch type dispersion (i.e., high proportion of like adjacencies) 

and low levels of patch type interspersion (i.e., inequitable distribution of pairwise adjacencies 

results in high contagion, and vice versa. This is derived from the CONTAG metric in Fragstats.  
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(5) Perimieter-area fractal index (PAFRAC):
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,  

Pij is the perimeter (m) of patch ij; aij is the area of patch ij, N is the total number of patches in the 

landscape. M is the number of land uses i in the study area; n is the number  

of patches j. 

Units: None; Range: 1 ≤ FI ≤ 2; 

Description: Perimeter-area fractal dimension is a metric of space-filling between one- (unfilled) 

and two- (the fully-compact city) dimensions. Growth in fractal dimension over time is illustrative 

of compaction; decline suggests fragmentation. Fractal dimension measures have the added 

benefit of being scale-independent (Torrens, 2008). 

(6) Moran’s I 
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where n is the number of land parcels in the landscape,  is the percentage of built-up land (PB) 

for parcel i, jx  is the percentage for parcel j, x is the mean value, and ijw registers the 

adjacency between parcel i and j, being the rook continuity option in our case (Lesage, 1999). 

Units: None; Range: 0 ≤ MI ≤ 1; 

Description: Moran’s I is a spatial autocorrelation metric that measures urban decentralization 

(Moran, 1950; Torrens, 2008) (Torrens, 2008). Positive values of I indicate land parcels that are 

more similar in value x than the average y; negative values indicate dissimilarity. A condition  

of I = 0 indicates an absence of statistically- relevant patterning of value x over i and j. 

Density: 

(1) Population density (PopD) 
SA

P
PopD   P is the population of the unit, sA is the area of unit 

Units: /km
2
; Range: 0 ≤ PopD.  

Description: It reflects the density of population.  

(2) Non-agricultural population density (UPopD): 
SA

UPop
UPopD   P is the population of the unit, 

sA is the area of unit 

Units: /km
2
; Range: 0 ≤ UPopD.  

Description: It reflects the density of non-agricultural population. 

ix
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(3) GDP density (GDPD): 
SA

GDP
GDPD   GDPis the gross domestic product, sA is the area of unit 

Units: million/km
2
; Range: 0 ≤ GDPD.  

Description: It reflects the density of economic output. 

(4) FAI density (FAID): 
SA

FAI
FAID   FAI is the fixed asset investment, sA is the area of unit 

Units: million/km
2
; Range: 0 ≤ FAID.  

Description: It reflects the density of fixed asset investment. 

Gradient: 

(1) Area-distance correlation coefficient (ADC):  ii DAfADC , , Ai is the area of parcel i and Di 

is the distance between parcel i to the city center.  

Units: None; Range: 0 ≤ ADC ≤ 1; 

Description: It depicts the sensitivity of the area of built-up land to the distance to urban core center. 

(2) Density-distance correlation coefficient (DDC):  ii DBPDfDDC , , BPDi is the built-up land 

density of parcel i and Di is the distance between parcel i to the city center.  

Units: None; Range: 0 ≤ DDC ≤ 1 

Description: It depicts the sensitivity of the area of the built-up land density to the distance to 

urban core center. 

Proximity 

(1) Proximity to sub-center (ProSub):

   






n

i

SiSi

N

YYXX
oSub

1

22

Pr

, iX  and iY  is the 

coordinates of parcels in a specific district. SX and SY is the coordinates of the weighted center of 

the district and the weights are assigned by the percentage of settlement area in each parcel. N is 

the number of parcels in the districts.  

Units: m; Range: 0 ≤ ProSub 

Description: It reflects the proximity to the settlement center. 

(2) Proximity to sub-center (ProTP): 
   







n

i

TiTi

N

YYXX
oTP

1

22

Pr  

where TX and TY is the coordinates of the weighted center of the district and the weights are 

assigned by the percentage of transportation area in each parcel. N is the number of parcels  

in the districts.  

Units: m; Range: 0 ≤ ProSub 

Description: It reflects the proximity to the settlement center. 

(3) Proximity to sub-center (ProC): 
   







n

i

CiCi

N

YYXX
oC

1

22

Pr , Where CX and CY is the 
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coordinates of the weighted center of the district and the weights are assigned by the percentage of 

built-up land in each parcel. N is the number of parcels in the districts. 

Units: m; Range: 0 ≤ ProSub; 

Description: It reflects the proximity to the settlement center. 

Accessibility 

(1) Comprehensive highway index (CHI): 
2

HDFHDP VV
CHI


 , VHDP and VHDF are the standardized 

values calculated from two indicators -“Freight ton kilometers” and “passenger kilometers” 

recorded in the Statistical Yearbook of Wuhan through max-min normalization with the range 

from 0 to 1. 

Units: none; Range: 0 ≤ CHI ≤ 1; 

Description: It reflects the capacity of highway transportation. 

(2) Comprehensive railway index (CRI): 
2

RDFRDP VV
CRI


 , VRDP and VRDF are the standardized 

values calculated from two indicators -“Freight ton kilometers” and “passenger kilometers”
 

recorded in the Statistical Yearbook of Wuhan through max-min normalization with the range  

from 0 to 1. 

Units: none; Range: 0 ≤ CRI ≤ 1; 

Description: It reflects the capacity of railway transportation. 

(3) Comprehensive aviation index (CAI): 
2

ADFADP VV
CAI


 , VADP and VADF are the standardized 

values calculated from two indicators -“Freight ton kilometers” and “passenger kilometers”
 

recorded in the Statistical Yearbook of Wuhan through max-min normalization with the range  

from 0 to 1. 

Units: none; Range: 0 ≤ CAI ≤ 1; 

Description: It reflects the capacity of aviation transportation. 

Dynamic 

(1) Migration of settlement center (SCM):    221

2

21 SSSS YYXXSCM  ,
 

( 1SX
, 1SY

)
 and  

( 2SX
, 2SY

)
 are the coordinates of settlement centroids in 1996 and 2006 respectively and then the 

settlement migration distance SCM is obtained. The transportation migration distance TCM can 

also be estimated accordingly.  

Units: m; Range: 0 ≤ SCM; 

Description: It reflects the spatio-temporal variation of settlement distribution. 

(2) Migration of transportation center (TCM):    221

2

21 TTTT YYXXTCM  ,
 

( 1TX , 1TY )
 

and 
( 2TX , 2TY )

 are the coordinates of settlement centroids in 1996 and 2006 respectively and then 

the settlement migration distance TCM is obtained. The transportation migration distance TCM 

can also be estimated accordingly.  



Sustainability 2014, 6 3596 

 

 

Units: none; Range: 0 ≤ TCM ≤ 1; 

Description: It reflects the spatio-temporal variation of transportation distribution. 
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