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structures and dynamics of Indianapolis City, 1991–2000, by using

satellite images
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The majority of the vast literature on remote sensing of urban landscapes has

adopted a ‘hard classification’ approach, in which each image pixel is assigned a

single land use and land cover category. Owing to the nature of urban

landscapes, the confusion between land use and land cover definitions and the

constraints of widely applied medium spatial resolution satellite images, high

classification accuracy has been difficult to achieve with the conventional ‘hard’

classifiers. The prevalence of the mixed pixel problem in urban landscapes

indicates a crucial need for an alternative approach to urban analyses.

Identification, description and quantification, rather than classification, may

provide a better understanding of the compositions and processes of

heterogeneous landscapes such as urban areas. This study applied the

Vegetation–Impervious Surface–Soil (V-I-S) model for characterizing urban

landscapes and analysing their dynamics in Indianapolis, USA, between 1991

and 2000. To extract these landscape components from three dates of Landsat

Thematic Mapper/Enhanced Thematic Mapper Plus (TM/ETM + ) images in

1991 1995 and 2000, we used the technique of linear spectral mixture analysis

(LSMA). These components were further classified into urban thematic classes,

and used for analysis of the landscape patterns and dynamics. The results

indicate that LSMA provides a suitable technique for detecting and mapping

urban materials and V-I-S component surfaces in repetitive and consistent ways,

and for solving the spectral mixing of medium spatial resolution satellite imagery.

The reconciliation between the V-I-S model with LSMA for Landsat imagery

allowed this continuum landscape model to be an alternative, effective approach

to characterizing and quantifying the spatial and temporal changes of the urban

landscape compositions in Indianapolis from 1991 to 2000. It is suggested that

the model developed in this study offers a more realistic and robust

representation of the true nature of urban landscapes, as compared with the

conventional method based on ‘hard classification’ of satellite imagery. The

general applicability of this continuum model, especially its spectral, spatial and

temporal variability, is discussed.

1. Introduction

Urban landscapes are typically a complex combination of buildings, roads, parking

lots, sidewalks, gardens, cemeteries, soil, water, and so on. Each of the urban
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component surfaces exhibits unique radiative, thermal, moisture and aerodynamic

properties, and relates to its surrounding site environment to create the spatial

complexity of ecological systems (Oke 1982). To understand the dynamics of

patterns and processes and their interactions in heterogeneous landscapes such as

urban areas, we need to quantify the spatial pattern of the landscape and its

temporal changes (Wu et al. 2000). It is therefore necessary (1) to have a

standardized method to define these component surfaces, and (2) to detect and map

them in repetitive and consistent ways, so that a global model of urban morphology

may be developed, and their changes over time can be monitored and modelled

(Ridd 1995).

Remote sensing technology has been widely applied in urban land use, land cover

classification and change detection. However, it is rare that a classification accuracy

greater than 80% can be achieved by using per-pixel classification (so-called ‘hard

classification’) algorithms (Mather 1999, p. 10). The low accuracy of land use/land

cover (LU/LC) classification in urban areas is largely attributed to the mixed pixel

problem, where several types of LU/LC are contained in one pixel. The mixed pixel

problem results from the fact that the scale of observation (i.e. pixel resolution) fails

to correspond to the spatial characteristics of the target (Mather 1999). Therefore,

the ‘soft’/fuzzy approach of LU/LC classifications has been applied, in which each

pixel is assigned a class membership of each LU/LC type rather than a single label

(Wang 1990). Nevertheless, as Mather (1999) pointed out, neither ‘hard’ nor ‘soft’

classification is an appropriate tool for the analysis of heterogeneous landscapes.

Both Ridd (1995) and Mather (1999) maintained that identification, description and

quantification, rather than classification, should be applied to provide a better

understanding of the compositions and processes of heterogeneous landscapes such

as urban areas.

Ridd (1995) proposed a major conceptual model for remote sensing analysis of

urban landscapes: the vegetation–impervious surface–soil (V-I-S) model (figure 1).

The V-I-S model assumes that land cover in urban environments is a linear

combination of three components: vegetation, impervious surface, and soil. Ridd

suggested that this model could be applied to spatial–temporal analyses of urban

morphology, biophysical and human systems. Although urban land use information

may be more useful in socioeconomic and planning applications, biophysical

information that can be directly derived from satellite data is more suitable for

describing and quantifying urban structures and processes (Ridd 1995). The V-I-S

model was developed for Salt Lake City, Utah, but has been tested in other cities.

Ward et al. (2000) applied a hierarchical unsupervised classification approach to a

Landsat Thematic Mapper (TM) image in southeast Queensland, Australia, based

on the V-I-S model. An adjusted overall accuracy of 83% was achieved. Madhavan

et al. (2001) used an unsupervised classifier to classify TM images in Bangkok,

Thailand, with the V-I-S model, and found it to be useful for improving

classification and analysis of change trends. Similar to the Ward et al. approach,

Setiawan et al. (2006) applied a V-I-S-based hieratical procedure to classify a

Landsat TM image of Yogyakarta, Indonesia, and found its accuracy was 27%

better than the maximum likelihood algorithm. All of these studies used the V-I-S

model as the conceptual framework to relate urban morphology to medium-

resolution satellite imagery, but ‘hard classification’ algorithms were applied.

However, the problem of mixed pixels cannot be solved by this method, and the

analysis of urban landscapes was still based on ‘pixels’ or ‘pixel groups’.
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Linear spectral mixture analysis (LSMA) is another approach that can be used to

handle the mixed pixel problem, besides the fuzzy classification. Instead of using

statistical methods, LSMA is based on physically deterministic modelling to unmix

the signal measured at a given pixel into its component parts, called endmembers

(Adams et al. 1986, Boardman 1993, Boardman et al. 1995). Endmembers are

recognizable surface materials that have homogeneous spectral properties all over

the image. LSMA assumes that the spectrum measured by a sensor is a linear

combination of the spectra of all components within the pixel (Boardman 1993).

Because of its effectiveness in handling spectral mixture problems and its ability to

provide continuum-based biophysical variables, LSMA has been widely used in: (1)

the estimation of vegetation cover (Asner and Lobell 2000, McGwire et al. 2000,

Small 2001, Weng et al. 2004, Lee and Lathrop 2005), (2) impervious surface

estimation and/or urban morphology analysis (Phinn et al. 2002, Wu and Murray

2003, Rashed et al. 2003, Wu et al. 2005, Lu and Weng 2006a,b), (3) vegetation or

land cover classification (Adams et al. 1995, Cochrane and Souza 1998, Aguiar et al.

1999, Lu and Weng 2004), and (4) change detection (Rashed et al. 2005, Powell et al.

2007). However, with a few exceptions, these studies have focused on technical

specifics and on the examination of the effectiveness of LSMA. Only a few studies

have explicitly adopted the V-I-S model as the conceptual model to explain urban

land cover patterns (Phinn et al. 2002, Wu and Murray 2003, Wu et al. 2005, Lu and

Weng 2006a,b, Powell et al. 2007), while others have used it implicitly (Rashed et al.

2003, 2005). Rashed et al. (2005) and Powell et al. (2007) are the only research

attempts to examine urban land cover ‘change’ with the V-I-S model. Rashed et al.

Figure 1. The Vegetation–Impervious surface–Soil (V-I-S) model illustrating the character-
istics of urban landscapes (Ridd 1995).
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(2005) assessed changes between landscape components aggregated to census tracts

in Cairo, Egypt, but determination of the thresholds of change may be problematic

because they may vary from image to image. Powell et al. (2007) identified the stages

of urban development by selecting four neighbourhoods from an image of Manaus,

Brazil that did not involve change detection from multitemporal satellite images.

Having realized that the V-I-S model may be used as a method to define

standardized urban landscape components, along with LSMA as a remote sensing

technique to estimate and map them in repetitive and consistent ways, it is necessary

to reconcile them to develop a global model of urban morphology. The objective of

this paper was to apply the V-I-S model to an examination of the urban land cover

patterns and temporal dynamics in Indianapolis, Indiana, USA, from 1991 to 2000.

Landsat TM/Enhanced Thematic Mapper Plus (ETM + ) multitemporal satellite

images from 1991, 1995 and 2000 were used to extract the landscape components

using the technique of LSMA. The specific aims of this research were: (1) to apply

LSMA to derive V-I-S components to characterize the urban morphology of

Indianapolis in three observation times; (2) to analyse spatial–temporal changes of

the urban morphology by assessing changes in the V-I-S components; and (3) to

examine intra-urban variations in landscape structures by comparative analysis of

the V-I-S compositions and dynamics among the nine townships in the city.

Based on this case study, this paper further investigated the general applicability of

the V-I-S model as a continuum landscape model.

2. Urban landscape analysis with remote sensing

2.1 Current challenges

2.1.1 Urban materials, land cover, and land use. Land cover can be defined as the

biophysical state of the Earth’s surface and immediate subsurface, including biota,

soil, topography, surface and ground water, and human structures (Turner et al.

1995). In other words, it describes both natural and man-made coverings of the

Earth’s surface. Land use can be defined as the human use of the land. Land use

involves both the manner in which the biophysical attributes of the land are

manipulated and the purpose for which the land is used (Turner et al. 1995). The

relationship between land use and land cover is not always direct and obvious

(Weng 1999). A single class of land cover may support multiple uses, while a single

land use may involve the maintenance of several distinct land covers.

Urban areas are composed of a variety of materials, including different types of

artificial materials (concrete, asphalt, metal, plastic, glass, etc.), soils, rocks,

minerals, and green and non-photosynthetic vegetation. Remote sensing technology

has often been applied to map land use or land cover, instead of materials. Each

type of land cover may possess unique surface properties (materials); however,

mapping land cover and mapping materials involves different requirements. Land

cover mapping needs to consider characteristics in addition to those that come from

the materials (Herold et al. 2006). The surface structure (roughness) may influence

the spectral response as much as the intra-class variability (Gong and Howarth

1990, Myint 2001, Shaban and Dikshit 2001, Herold et al. 2006). Two different types

of land cover, for example asphalt roads and composite shingle/tar roofs, may have

very similar materials (hydrocarbons) and thus are difficult to discern, although

from a materials perspective these surfaces can be mapped accurately with

hyperspectral remote sensing techniques (Herold et al. 2006). Therefore, land cover
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mapping requires taking into account the intra-class variability and spectral

separability. Nevertheless, analysis of land use classes would be almost impossible

with spectral information alone. Additional information, such as spatial, textural

and contextual information, is usually required for successful land use classification

in urban areas (Gong and Howarth 1992, Stuckens et al. 2000, Herold et al. 2003).

The relationship between remote sensing of urban material, land cover and land use

is illustrated in figure 2.

Traditional classification methods of LU/LC based on detailed fieldwork suffer

two major common drawbacks: confusion between land use and land cover, and the

lack of uniformity or comparability in classification schemes. These drawbacks

make it difficult to compare land use patterns over time or between areas (Mather

1986). The use of aerial photographs and satellite images introduced in the late

1960s did not solve these problems because these techniques are based on the formal

expression of land use rather than on the actual activity itself (Mather 1986). In fact,

many land use types cannot be identified from the air. As a result, mapping of the

Earth’s surface tends to present a mixture of land use and land cover data with the

emphasis on the latter (Lo 1986). This problem is reflected in the title of the

classification developed in the USA for the mapping of the country at a scale of

1 : 100 000 or 1 : 250 000, commencing in 1974 (Anderson et al. 1976). Moreover, the

United States Geological Survey (USGS) LU/LC Classification System has been

designed as a resource-oriented system. Therefore, eight out of nine in the first-level

categories relate to non-urban areas. The 2001 National Land-Cover Database

developed by the USGS reflects both problems (Homer et al. 2004). Alternative to

the USGS scheme, the Land-Based Classification Standard developed by the

American Planning Association puts emphasis on extracting urban/suburban land

use information. The parcel-level land use information is obtained from in situ

surveys, aerial photography and high-resolution satellite imagery, based on the

characteristics of activity, function, site development, structure and ownership

Figure 2. Relationship among remote sensing of urban materials, land cover and land use: a
conceptual framework.
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(American Planning Association 2004). In general, the success of most land use or

land cover mapping is typically measured by the ability to match remote sensing

spectral signatures to the Anderson classification scheme, which, in urban areas, is

mainly land use (Ridd 1995). The confusion between land use and land cover

contributes to the low classification accuracy (Foody 2002), while less emphasis on

land cover in urban areas weakens the ability of digital remote sensing as a research

tool for characterizing and quantifying the urban ecological structure and process

(Ridd 1995).

2.1.2 The scale issue. The Anderson classification scheme was designed for use

with remote sensing data, originally with aerial photography, at various scales and

resolutions (Campbell 1983). However, the spatial scale and categorical scale are not

explicitly linked in the classification scheme. The former refers to the manner in

which image information content is determined by spatial resolution and the way

the spatial resolution is handled in the image processing, while the latter refers to the

level of detail in classification categories (Ju et al. 2005). This disconnection leads

to the problem of simply lumping classes into more general classes in multiscale LU/

LC classifications, which may cause a considerable loss of categorical information.

As most classifications are conducted at a single spatial and categorical scale, there

remains an important issue of matching an appropriate categorical scale of the

Anderson scheme with the spatial resolution of the satellite image used (Welch 1982,

Jensen and Cowen 1999). However, the nature of some applications requires LU/LC

classification to be conducted at multiple spatial and/or categorical scales because a

single scale cannot delineate all classes on account of the contrasting sizes, shapes

and internal variations of different landscape patches (Wu and David 2002, Raptis

et al. 2003). This is especially true for complex, heterogeneous landscapes, such as

urban ecosystems. Moreover, when statistical clusters are grouped into LU/LC

classes, in which smaller areas (e.g. pixels) are combined into larger ones (e.g.

patches), both spatial resolution and statistical information are lost (Clapham 2003).

2.1.3 The image ‘scene models’. Strahler et al. (1986) defined H- and L-resolution

scene models based on the relationship between the size of the scene elements and

the resolution cell of the sensor. The scene elements in the L-resolution model are

smaller than the resolution cells, and are therefore not detectable. When the objects

in the scene become much smaller than the resolution cell size, they may no longer

be regarded as objects individually. Hence, the reflectance measured by the sensor

may be treated as a sum of interactions among various types of scene elements as

weighted by their relative proportions (Strahler et al. 1986). This is what happens

with medium-resolution satellite imagery, such as those of Landsat TM or ETM + ,

Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER),

Satellite Pour l’Observation de la Terre (SPOT) and Indian satellites, applied to

urban mapping. As the spatial resolution interacts with the fabric of urban

landscapes, the problem of mixed pixels is created. Such a mixture becomes

especially prevalent in residential areas, where buildings, trees, lawns, concrete and

asphalt can all occur within a pixel (Epstein et al. 2002). Mixed pixels have been

recognized as a major problem in the effective use of remotely sensed data in LU/LC

classification and change detection (Fisher 1997, Cracknell 1998). The low accuracy

of LU/LC classification in urban areas reflects, to a certain degree, the inability of

traditional per-pixel classifiers, such as the maximum-likelihood classifier, to handle

composite signatures.
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2.2 Landscape as a continuum

2.2.1 The conceptual view. The prevalent problem of mixed pixels in urban remote

sensing is that the instantaneous field of the view of the medium-resolution sensors

does not match the operational scale of the landscapes. Such landscapes are better

viewed as a continuum formed by continuously varying proportions of idealized

materials, just as soils may be described in terms of the proportions of sand, silt and

clay (Mather 1999). Agricultural land in the Midwest USA, residential areas and semi-

arid areas are typical examples of continuum-type landscapes. Ridd’s V-I-S model is a

continuum model for urban areas in semi-arid land. Although the V-I-S model has

demonstrated usefulness for characterizing and quantifying urban landscape patterns,

its use in practice is still constrained by the following factors. First, the V-I-S model

cannot explain all land cover types such as water and wetlands. Second, an impervious

surface is difficult to identify as a single surface material or material class (Wu and

Murray 2003, Lu and Weng 2006a,b). Third, the distinction between soils and

impervious surfaces may not be easy in multispectral remote sensing imagery. In

addition, Ridd’s statistical sampling method for deriving the V, I and S components

has high subjectivity, and may not be representative of the whole urban landscape. The

data used were from colour infrared photographs at the scale of 1 : 30 000. To apply

this conceptual model to digital remote sensing data, it is necessary to use digital image

processing algorithms and techniques. Previous studies have attempted to relate the V-

I-S model to various remote sensing data, but its linkage with advanced computational

algorithms has been less seriously explored. In this paper we apply the V-I-S concept

for a spatial–temporal analysis of the urban morphology in Indianapolis with LSMA,

and by doing so, the potentials and limitations of this model for characterizing and

quantifying urban landscape components can be examined further.

2.2.2 LSMA. The mathematical model of LSMA can be expressed as:

Ri~
Xn

k~1

fkRikzEi ð1Þ

where i51, …, m (number of spectral bands); k51, …, n (number of endmembers);

Ri is the spectral reflectance of band i of a pixel that contains one or more

endmembers; fk is the proportion of endmember k within the pixel; Rik is the known

spectral reflectance of endmember k within the pixel in band i; and Ei is the error for

band i. To solve fk, the following conditions must be satisfied: (1) selected

endmembers should be independent of each other, (2) the number of endmembers

should not be larger than the spectral bands used, and (3) selected spectral bands

should not be highly correlated. A constrained least-squares solution assumes that

the following two conditions are satisfied simultaneously:

Xn

k~1

fk~1 ð2Þ

and 0(fk(1

RMSE~

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Xm

i~1

E2
i

,
m

 !vuut ð3Þ

where RMSE is the root mean square error for band i. The estimation of endmember

Landscape as a continuum: urban landscape in Indianapolis 2553
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fraction images involves four steps: image processing, endmember selection, unmixing

solution, and evaluation of fraction images. Of these steps, selecting suitable

endmembers is the most important one in the development of high-quality fraction

images. Two types of endmembers can be applied: image endmembers and reference

endmembers. The former are derived directly from the image itself, while the latter are
derived from field measurements or the laboratory spectra of known materials

(Roberts et al. 1998). Many remote sensing applications have used image endmembers

because they can be easily obtained and are capable of representing the spectra

measured at the same scale as the image data (Roberts et al. 1998). Image endmembers

can be derived from the extremes of the image feature space, based on the assumption

that they represent the purest pixels in the image (Boardman 1993).

3. Study area

The city of Indianapolis, located in Marion County, Indiana, with a population of

over 800 000, was chosen as the study area (figure 3). It is a key centre of

manufacturing, warehousing, distribution and transportation. Situated in the

middle of the country, Indianapolis possesses several other advantages that make
it an appropriate choice. It has a single central city, and other large urban areas in

the vicinity have not influenced its growth. The city is located on a flat plain and is

relatively symmetrical, having possibilities of expansion in all directions. Like most

American cities, Indianapolis is increasing in population and in area. The areal

expansion is through encroachment into the adjacent agricultural and non-urban

land. Certain decision-making forces, such as density of population, distance to

Figure 3. Study area: City of Indianapolis, Indiana, USA.
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work, property value and income structure, encourage some sectors of metropolitan

Indianapolis to expand faster than others. Examining its urban landscape patterns

and dynamics is conducive to understanding and planning its future development.

4. Data and methods

4.1 Image preprocessing

Landsat TM images of 6 June 1991 (acquisition time: approximately 1045 h) and 3 July

1995 (approximately 1028 h) and a Landsat ETM + image of 22 June 2000

(approximately 1114 h) were used in this study. Although the images purchased were

geometrically corrected, the geometrical accuracy determined was not high enough for

combining them with other high-resolution data sets. The images were therefore further

rectified to a common Universal Transverse Mercator (UTM) coordinate system based

on 1 : 24 000 scale topographic maps, and were resampled to a pixel size of 30 m for all

bands using the nearest-neighbour algorithm. An RMSE of less than 0.2 pixels was

obtained for all the rectifications. These Landsat images were acquired under clear-sky

conditions, and an improved image-based dark object subtraction model was applied to

implement atmospheric corrections (Chavez 1996, Lu et al. 2002).

4.2 Image endmember development

To identify image endmembers effectively and to achieve high-quality endmembers,

different image transform approaches, such as principal component analysis (PCA)

and minimum noise fraction (MNF), can be applied to transform the multispectral

images into a new data set (Green et al. 1988, Boardman and Kruse 1994). In this

research, image endmembers were selected from the feature spaces formed by the

MNF components (Garcia-Haro et al. 1996, Cochrane and Souza 1998, van der

Meer and de Jong 2000, Small 2001, 2002, 2004). The MNF transform contains two

steps: (1) decorrelation and rescaling of the noise in the data based on an estimated

noise covariance matrix, producing transformed data in which the noise has unit

variance and no band-to-band correlations; and (2) implementation of a standard

PCA of the noise-whitened data. The result of the MNF transform is a two-part

dataset, one part associated with large eigenvalues and coherent eigenimages, and a

complementary part with near-unity eigenvalues and noise-dominated images

(ENVI 2000). By performing an MNF transform, noise can be separated from the

data by saving only the coherent portions, thus improving the spectral processing

results. In this research, the MNF procedure was applied to transform the Landsat

ETM + (the 2000 image) six reflective bands into a new coordinate set. The first three

MNF components accounted for the majority of the information (99%) and were

used for the selection of endmembers. The scatterplots between the MNF

components are illustrated in figure 4(a), showing the potential endmembers. Four

endmembers, namely green vegetation, high-albedo, low-albedo and soil, were

finally selected. Figure 4(b) shows spectral reflectance characteristics of the selected

endmembers. Next, a constrained least-square solution was applied to unmix the six

ETM + reflective bands into four fraction images. The same procedures were used

for derivation of fraction images from the Landsat TM 1991 and 1995 images. The

first three MNF components computed from the 1991 and 1995 images also

accounted for more than 99% of the scene variance, and the topologies of the

triangular mixing space were consistent with that shown in figure 4(a). Figure 5

shows four fraction images for the three years.
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Figure 4. (a) Feature spaces between the MNF components, illustrating potential end-
members of Landsat ETM + image. (b) Spectral reflectance characteristics of the selected
endmembers.
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4.3 Extraction of impervious surfaces

Previous research has indicated that impervious surfaces can be computed by adding

the high- and low-albedo fractions (Wu and Murray 2003), but this method did not

consider the impact of pervious surfaces on the low- and high-albedo fraction

Figure 5. Fraction images from spectral mixture analysis of each year: first column, 1991;
second column, 1995; third column, 2000; first row, green vegetation; second row, low albedo;
third row, high albedo; fourth row, soil.
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images, which often resulted in overestimation of impervious surfaces. Our

experiment with Landsat ETM + imagery indicates that although the high-albedo

fraction image related mainly to impervious surface information such as buildings

and roads, it also related to other land cover such as dry soils. However, the low-

albedo fraction image was found to be associated with water and shadows, such as

water body, shade from forest canopy and tall buildings, and moisture in crops or

pastures. Some impervious surfaces, especially dark impervious surfaces, were also

linked to the low-albedo fraction image. Therefore, it is important to develop a

suitable analytical procedure for the removal of non-impervious information from

the fraction images. In this study, we developed a procedure by using land surface

temperature data to isolate non-impervious from impervious surfaces and using

soil fraction images as the thresholds to purify the high-albedo fraction images

(figure 6).

For the high-albedo fraction images, impervious surfaces were predominantly

confused with dry soils. Therefore, the soil fraction images can be used to remove

soils from the high-albedo fraction images. For the low-albedo fraction images, dark

impervious surfaces were confused with water and shadows. Therefore, the crucial

step was to separate impervious surfaces from non-impervious pixels, including

water, vegetation (forest, pasture, grass and crops) and soils. The following expert

rules were used in this study:

(1) If the pixel values in the land surface temperature image are(t1, pixels in

low- and high-albedo fraction images would be assigned to 0, otherwise pixel

values in low- and high-albedo fraction images would be kept.

(2) If the pixel values in the soil fraction image are .t2, pixels in high-albedo

fraction images would be assigned to 0, otherwise pixel values in the high-

albedo fraction images would be kept.

In these rules, the t1 and t2 thresholds were identified based on reference data

for water, vegetation and soils. After non-impervious pixels were removed from the

Figure 6. Flow-chart showing the procedures for developing an impervious surface image.
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low- and high-albedo fraction images, the impervious surface image was developed

by the addition of adjusted low- and high-albedo fraction images. Figure 7 presents

a comparison of the impervious surface images before and after the adjustment. Our

accuracy assessment of the Landsat ETM + image resulted in an overall RMSE of

9.22% and a system error of 5.68% (Lu and Weng 2006a).

4.4 Image classification

Fraction images were used for thematic land classification through a hybrid

procedure that combined maximum-likelihood and decision-tree classifiers (Lu and

Weng 2004). Sample plots were identified from high-resolution aerial photographs,

initially covering 10 LU/LC types: commercial and industrial, high-density

residential, low-density residential, bare soil, crop, grass, pasture, forest, wetland,

and water. On average, between 10 and 16 sample plots were selected for each class.

A window size of three by three was applied to extract the fraction value for each

plot. The mean and standard deviation values were calculated for each LU/LC class.

The characteristics of fractional composition for selected LU/LC types were then

examined. Next, the maximum-likelihood classification algorithm was applied to

classify the fraction images into 10 classes, generating a classified image and a

distance image. A distance threshold was selected for each class to screen out the

pixels that probably do not belong to that class, which was determined by examining

interactively the histogram of each class in the distance image. Pixels with a distance

value greater than the threshold were assigned a class value of zero. A decision-tree

classifier was then applied to reclassify these pixels. The parameters required by the

decision-tree classifier were identified based on the mean and standard deviation of

the sample plots for each class. Finally, the accuracy of each classified image was

checked with a stratified random sampling method (Jensen 2005) against the

reference data for 150 samples collected from large-scale aerial photographs. This

sampling method allows for various numbers of samples to be selected from each

category of LU/LC, depending on the complexity of that category (Jensen 2005). To

simplify the urban landscape analysis, 10 classes were merged into six LU/LC types:

(1) commercial and industrial urban land, (2) residential land, (3) agricultural and

pasture land, (4) grassland, (5) forest and (6) water (Lu and Weng 2004). Table 1

presents the definitions of the LU/LC categories.

5. Results

5.1 Urban morphological analysis based on the V-I-S model

The three images in the first row of figure 4 shows the geographic patterns of green

vegetation (GV) fractions. These images display a large dark area (low fraction

values) at the centre of the study area corresponding to the central business district

of Indianapolis City. Bright areas of high GV values were found in the surrounding

areas. Various types of crops were still at the early stage of growth or were before

emergence, as indicated by the medium grey to dark tone of the GV fraction images

in the southeastern and southwestern parts of the city. Table 2 shows that forest had

the highest GV fraction values, followed by grassland. By contrast, commercial and

industrial land displayed the lowest GV values. A low vegetative amount was found

in water bodies, as indicated by the GV fraction values. Both residential land and

pasture/agricultural land yielded a medium GV fraction value, subject to the impact

of the dates of image acquired. In all the years observed, pasture/agricultural land
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Figure 7. Comparison of impervious surface images developed from different methods. The
image values range from 0 to 1, with lowest values in black and highest values in white. (a)
Based on the direct addition of high- and low-albedo fraction images; (b) based on the
addition of modified high- and low-albedo fraction images, in which other cover types were
removed in the impervious surface image through the combined use of land surface
temperature and fraction images.

2560 Q. Weng and D. Lu

D
o
w
n
l
o
a
d
e
d
 
B
y
:
 
[
E
B
S
C
O
H
o
s
t
 
E
J
S
 
C
o
n
t
e
n
t
 
D
i
s
t
r
i
b
u
t
i
o
n
]
 
A
t
:
 
1
7
:
4
6
 
3
0
 
J
u
n
e
 
2
0
0
9



exhibited a large standard deviation value, suggesting that pasture and agricultural

land may hold various amount of vegetation.

The percentage of land covered by impervious surfaces may vary significantly

with LU/LC categories and subcategories (Soil Conservation Service 1975). This

study shows a substantially different estimate for each LU/LC type, as a spectral

unmixing model was applied to the remote sensing images, and the modelling had

introduced some errors, as expected. For example, a high impervious fraction value

was found in water because water was related to the low albedo fraction, and the

latter was included in the computation of impervious surface. In general, an LU/LC

type with a higher GV fraction appeared to have a lower impervious fraction.

Commercial and industrial land detected very high impervious fraction values of

around 0.7 in all years. Residential land came next with fraction values around 0.5.

Grassland, pasture/agricultural land and forestland detected lower values of

impervious surface largely because of their exposed bare soil, confusion with

commercial/industrial and residential land, and modelling errors.

Soil fraction values were generally low in the majority of the urban area, but high

in the surrounding areas. In particular, in agricultural fields located in the

southeastern and southwestern parts of the city, soil fraction images appeared very

bright because various types of crops were still at the early stage of growth. Table 2

shows that pasture/agricultural land showed a fraction value close to 0.4 at all times.

Grassland possessed medium fraction values averaging 0.25, substantially higher

than the fraction values of forestland and residential land. Commercial and

industrial land displayed similar fraction values as grassland, which had much to do

with its confusion with dry soils in the high-albedo images. Water generally

Table 1. Description of the LU/LC categories.

Category Descriptions

Urban land The areas that have a high percentage (>30%) of impervious
surfaces, such as asphalt, concrete and buildings. This
category includes commercial, industrial and transportation.
Barren lands are also included.

Residential land Areas that typically have 25–75% of impervious surfaces,
mixed with grass, trees, water, and so on. There are 16
categories of residential use in the study area. Information
on each zoning category, typical density, primary use,
minimum open space, typical lot size, and comprehensive
planning classification was provided to the authors by the
Metropolitan Planning Department, City of Indianapolis.

Forest land The areas characterized by tree cover (natural or semi-
natural woody vegetation), including natural deciduous
forest, evergreen forest, mixed forest, urban and suburban
forest, and shrubs.

Grasslands Urban/recreational grasses planted in developed settings for
recreation, erosion control or aesthetic purposes, such as
parks, lawns, golf courses, airport grasses and industrial site
grasses.

Pasture and agricultural land Row crop by type, cereal grains, vineyards, feedlots, residue
management, and confined operations. Also includes the
areas covered by herbaceous vegetation including pasture/
hay planted for livestock grazing or the production of hay.

Water All areas of open water, including lake, rivers and streams,
ponds, and outdoor swimming pools.
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Table 2. V-I-S compositions of LU/LC types in Indianapolis in 1991, 1995 and 2000.

Land cover type

1991 TM image 1995 TM image 2000 ETM + image

Vegetation
Impervious

surface Soil Vegetation
Impervious

surface Soil Vegetation
Impervious

surface Soil

Commercial and industrial 0.167 0.709 0.251 0.127 0.679 0.273 0.125 0.681 0.276
(0.128) (0.190) (0.193) (0.097) (0.178) (0.177) (0.092) (0.205) (0.191)

Residential 0.314 0.558 0.198 0.371 0.508 0.149 0.298 0.467 0.247
(0.132) (0.138) (0.152) (0.115) (0.108) (0.092) (0.095) (0.124) (0.137)

Grassland 0.433 0.451 0.268 0.553 0.366 0.155 0.442 0.276 0.305
(0.176) (0.135) (0.208) (0.145) (0.096) (0.131) (0.099) (0.083) (0.119)

Agriculture and pasture 0.304 0.374 0.602 0.388 0.291 0.378 0.371 0.275 0.407
(0.213) (0.112) (0.285) (0.191) (0.091) (0.236) (0.168) (0.072) (0.222)

Forest 0.654 0.436 0.182 0.716 0.388 0.046 0.584 0.327 0.175
(0.162) (0.128) (0.166) (0.085) (0.065) (0.052) (0.075) (0.074) (0.055)

Water 0.226 0.730 0.188 0.176 0.805 0.094 0.111 0.891 0.078
(0.186) (0.197) (0.178) (0.210) (0.167) (0.068) (0.120) (0.136) (0.071)

Values given as mean (standard deviation).
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possessed a minimal impervious fraction value. Like the GV fraction, the soil

fraction displayed the highest standard deviation values in pasture/agricultural land

because of the various amount of emerging vegetation.

When mean signature values of the fractions for each LU/LC type are plotted,

quantitative relationships among the thematic LU/LC types in terms of the V-I-S

composition can be examined. Figure 8 shows the V-I-S composition by LU/LC in

each year, with an area delineating one standard deviation from the mean fraction

value.

5.2 Landscape change and the V-I-S dynamics

The fraction images were classified into three thematic maps, as shown in figure 9.

Overall accuracy, producer’s accuracy and user’s accuracy were calculated based on

the error matrix for each classified map, as well as the KHAT statistic, kappa

variance and Z statistic. The overall accuracies of the LU/LC maps for 1991, 1995

and 2000 were determined to be 90%, 88% and 89%, respectively. Thus, LU/LC data

derived from the LSMA procedure have a reasonably high accuracy, and are

sufficient for urban landscape analysis. Taking the 2000 ETM + image as an

example, a comparison of LSMA-based image classification performance with MLC

of all multispectral bands of the same image was conducted. Table 3 shows the error

matrices for the two classified images. A significant improvement (9%) was found

with the LSMA-based image classification method.

Table 4 shows the composition of LU/LC by year and the changes that occurred

between two time intervals. In 1991, residential use and pasture/agriculture

accounted equally for 27% of the total land, while grassland shared another 20%.

The combination of commercial and industrial land used 13% of the total area, and

forestland had a close match, yielding another 10%. Water bodies occupied the

remaining 3%, and this percentage was unchanged from 1991 to 2000. However,

LU/LC dynamics occurred in all other categories, as seen in the last three columns

of table 4. The most notable increment was observed in residential use, which

changed from 27% in 1991 to 33% in 1995, reaching 38% in 2000. Associated with

this change, grassland increased from 20% to 23%. Highly developed land, mainly

for commercial and industrial use, transportation and utilities, continued to expand.

In 2000, it accounted for .15 000 ha, or 15%, generating a 2% increase over the

9 years. These results suggest that urban land dispersal in Indianapolis was related

both to population increase and to economic growth. By contrast, a pronounced

decrease in pasture and agricultural land was found from 1991 (27%) to 1995 (20%).

This decrease was also evident between 1995 and 2000, when pasture and

agricultural land decreased further by 6581.30 ha (31.56%). Forestland in a city

like Indianapolis was understandably limited in size. Our remote sensing geographic

information system (GIS) analysis indicates, however, that forestland continued to

disappear with a stable, marked rate. Between 1991 and 2000, forestland was

reduced by 2864.81 ha (i.e. 28.75%), levelling down to approximately 7100 ha. The

cross-tabulation of the 1991 and 2000 LU/LC maps reveals that most of the losses in

pasture, agricultural and forestland were due to conversion to residential and other

urban uses, following the continued process of urbanization and suburbanization.

GIS overlay of the two maps further shows the spatial occurrence of urban

expansion to be mostly at the edges of the city. These changes in LU/LC have led to

changes in the composition of image fractions.
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Figure 8. Quantitative relationships among the LU/LC types with respect to the V-I-S
model: (a) 1991; (b) 1995; (c) 2000.
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Impervious surface, as an important urban land cover feature, not only indicates

the degree of urbanization but also is a major contributor to the environmental

impact of urbanization (Arnold and Gibbons 1996). To examine how impervious

surfaces in Indianapolis had changed from 1991 to 2000, figure 10 was created to

show the distribution of impervious surfaces for the observed years at four

categories. Table 5 shows that the amount of pixels with values greater than zero

increased from 42 501 in 1991 to 45 804 in 1995, and further increased to 46 560 in

2000. A comparison between 1991 and 2000 indicates that this increase in the

amount of pixels took place over the entire range of impervious fraction values

(except for the category of 0.1–0.2). This analysis further substantiates the above

findings, that is that Indianapolis underwent an extensive urbanization process,

during which impervious or impenetrable surfaces, such as rooftops, roads, parking

lots, driveways and sidewalks, were widely generated. In other words, a significant

amount of non-urban pixels became urbanized during the study period.

Furthermore, in 1991, only 7.03% of the urbanized pixels (pixels that contain some

Figure 9. LU/LC maps of (a) 1991, (b) 1995 and (c) 2000.
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Table 3. A comparison of image classification accuracy between the spectral mixture analysis (SMA)-based classifier and the maximum likelihood classifier
(MLC).

Method
Classified

data

Reference data

Reference
total

Classified
total

Number
correct

Producer’s
accuracy

(%)

User’s
accuracy

(%) KappaUrban Residential Forest Grass
Pasture and
agricultural Water

SMA Urban 21 0 0 0 1 0 26 22 21 80.77 95.45 0.945
Residential 3 56 0 1 2 0 57 62 56 98.25 90.32 0.844
Forest 0 0 9 0 0 0 11 9 9 81.82 100.00 1.000
Grass 0 1 1 28 1 0 32 31 28 87.50 90.32 0.877
Pasture and
agricultural

2 0 1 3 16 0 20 22 16 80.00 72.73 0.685

Water 0 0 0 0 0 4 4 4 4 100.00 100.00 1.000
Overall classification accuracy589.33% (i.e. 134/150), overall Kappa statistics50.8575

MLC Urban 19 1 0 0 1 0 26 21 19 73.08 90.48 0.885
Residential 7 56 0 7 2 0 57 72 56 98.25 77.78 0.642
Forest 0 0 8 0 0 0 11 8 8 72.73 100.00 1.000
Grass 0 0 3 18 2 0 32 23 18 56.25 78.26 0.724
Pasture and
agricultural

0 0 0 7 15 0 20 22 15 75.00 68.18 0.633

Water 0 0 0 0 0 4 4 4 4 100.00 100.00 1.000
Overall classification accuracy580.00% (i.e. 120/150), overall Kappa statistics50.7284

Variance for SMA50.001115; variance for MLC50.001923; Z statistic52.342654; significant at 98% confidence level.
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Table 4. Changes in land use and land cover in Indianapolis, 1991–2000.

LU/LC type

Area (ha) Change in area (ha, % in parentheses)

1991 1995 2000 1991–1995 1995–2000 1991–2000

Commercial and industrial 13 322.10 16 706.50 15 489.00 3384.40 (25.40) 21217.50 (27.29) 2166.90 (16.27)
Residential 28 708.90 34 123.70 40 771.70 5414.80 (18.86) 6648 (19.48) 12 062.80 (42.02)
Grassland 21 132.50 21 356.60 23 976.40 224.10 (1.06) 2619.80 (12.27) 2843.90 (13.46)
Pasture and agricultural 28 466.00 20 853.80 14 272.50 27612.20 (226.74) 26581.30 (231.56) 214 193.50 (249.86)
Forest 9965.58 8547.71 7100.77 21417.87 (214.23) 21446.94 (216.93) 22864.81 (228.75)
Water 2894.21 2903.96 2903.06 9.75 (0.34) 20.90 (20.03) 8.85 (0.31)
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impervious surface areas) had a value of impervious fraction greater than 0.6. In

1995 and 2000, these values were 7.41% and 9.24%, respectively. This increase in

pixel counts in the higher percentage categories of the impervious fraction suggests

that even more construction had taken place in previously urbanized pixels, that is,

there existed an infill type of urban development (Wilson et al. 2003).

5.3 Intra-urban variations and the V-I-S compositions

The intra-urban variations of landscape structures can be examined by a

comparative analysis of the V-I-S compositions of each township in the city, based

on the mean and standard deviation values of vegetation, impervious surface and

soil by LULC type for each township. The computation results show that each LU/

LC had a distinct V-I-S composition pattern but it was fairly consistent over the

three dates of observation, implying relatively small changes in the V-I-S

composition for each land class. A further comparison of the V-I-S mean values

of six LU/LC classes for the nine townships shows that the composition was

generally stable, with slight changes, for the three observed years. For commercial

and industrial land of any township, the mean value of vegetation was around 0.15,

the impervious surface close to 0.7, and soil a little over 0.25. For residential land,

the mean values of the V-I-S components for each township were found to be

approximately 0.3, 0.5 and 0.2, respectively. These patterns of V-I-S composition

appear similar to the characteristics of the V-I-S composition pattern for the whole

city, as indicated in table 3.

The disparity in the V-I-S composition in the townships can be revealed by

plotting and examining in detail the mean values and changes in the V, I and S

components with ternary diagrams. Figure 11 shows the changes in V-I-S

compositions (mean fraction values) by LU/LC type by township from 1991 to

2000. By focusing our analysis on the V-I-S composition of commercial/industrial

and residential lands, some interesting observations can be made. The two

townships Pike and Decatur experienced continued development in commercial/

industrial land during the study period. This development had resulted in an

increase in the I component but a decrease in the V component, while the S

component largely remained constant over time. The trend of commercial

development in these townships was heading along the interstate highways such

as I-65, I-465 and I-70, converting large areas of forest and agricultural land into

impervious surfaces. Figures 11(a) and 11(g) further show that commercial/

industrial land was moving away from residential land. This implies that commercial

activities did not occur within (or near) the residential areas. Urban development in

these areas may be characterized as urban fringe expansion, linear and leapfrog

clustered development. In the Center and Washington Townships, not much change

occurred in the I component, as shown in figures 11(e) and 11(b), because these

townships had been fully developed in the past. The decrease in the V component

and the increase in the S component were probably associated with an infill type of

development or redevelopment activities. This urbanization pattern was character-

ized by the development of vacant land in already built-up areas and/or

redevelopment of abandoned industries, warehouses and other types of old

buildings, which usually occurred in the places where public facilities already

existed (Forman 1995). In contrast to the above two types of urban development,

the Franklin Township in the southeastern part of the city exhibited another type of

development, which can be called clustered, or leap-frog, development. The urban
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development in Franklin typically involved compact, high-density development of

functionally separated clusters. The ternary plot in figure 11(i) shows that the

pattern of V-I-S composition has not become stabilized for the periods observed.

Commercial development was largely introduced into the residential areas,

especially after 1995. Residential and commercial lands thus appeared increasingly

intermingled. The remaining four townships, Wayne, Perry, Lawrence and Warren,

did not discover urban growth as distinct as the above townships. Instead, urban

development in these areas displayed some sort of combination of fringe

development, infill development and outlying growth. The latter can be defined as

the development beyond existing developed areas, and may be broken down into

isolated, linear branch and clustered branch (Wilson et al. 2003). Ternary plots (c),

(d), (f) and (h) in figure 11 show that that the I component in commercial land

altered over the time, but might have experienced the opposite direction of change

between the periods 1991–1995 and 1995–2000. The changes in impervious surfaces

inevitably triggered changes in the vegetation and soil components, leading to the

V-I-S dynamics. These dynamics can also be clearly observed in the residential land.

Figure 10. Distribution of impervious coverage by year: (a) 1991; (b) 1995; (c) 2000.
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6. Discussion and conclusions

Remote sensing of urban material, land use and land cover has different

requirements. This study aimed to examine their relationship by using a continuum
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Figure 11. Changes in the V-I-S composition by LU/LC type by township.

Table 5. Number of pixels (those containing some impervious surface) in each percentage
category of impervious surface.

Impervious fraction value

Pixel counts

1991 1995 2000

(0.1 1355 1373 1823
(0.2 17 880 17 350 17 300
(0.3 9630 12 080 12 010
(0.4 6904 7485 7276
(0.5 3743 4121 3850
(0.6 1459 1751 1961
(0.7 781 810 1106
(0.8 406 414 651
(0.9 215 269 347
(1.0 128 151 236
Total 42 501 45 804 46 560
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field model. This model was developed based on the reconciliation of the V-I-S

model (Ridd 1995) and LSMA of Landsat imagery. The case study demonstrated

successfully that the continuum model was effective for characterizing and

quantifying the spatial and temporal changes of the landscape compositions in

Indianapolis between 1991 and 2000.

The linkage between Ridd’s model and LSMA lies in the urban material. Ridd

(1995) suggested that urban landscape can be decomposed into three classes of

urban materials (vegetation, impervious surfaces and soil) but did not implement the

model using digital image processing algorithms. LSMA has been widely used to

analyse spectrally heterogeneous urban reflectance based on ‘endmembers’, which

are recognizable surface materials that have homogeneous spectral properties over

the entire image. The number of endmembers that can be extracted from a satellite

image is determined by the data dimensionality reflected in the image mixing space,

which, in turn, is subject to the number of spectral bands available. Theoretically,

Landsat TM/ETM + images, with six spectral bands (excluding the thermal infrared

band), can derive as many as seven endmembers. However, our study indicated that

the three lower-order principal components accounted for more than 99% of the

image variance, indicating that the mixing space was perfectly three-dimensional.

The RMSE was small (less than 0.1 of mean pixel reflectance) for all three

unmixings. Therefore, the endmembers selected for this study (high albedo, low

albedo, vegetation and soil) were regarded as suitable to account for the observed

radiance. When high- and low-albedo endmembers were used to model impervious

surfaces, the RMSE was also found to be reasonably small for the LSMA models

(,0.02). As such, LSMA with the four-endmember model offered a simple, robust,

physically based solution to quantify the urban reflectance. Our study further

indicated that, although spectral endmembers were different over the time because

of changes in urban materials and LU/LC, the topology of the triangular mixing

space (figure 4) was consistent. It became apparent that LSMA can provide a

repetitive way to derive consistent image endmembers from Landsat images.

Therefore, by representing Ridd’s V-I-S components as image fractions, the

continuum model develop in this study provided an effective approach for

quantifying urban landscape patterns as standardized component surfaces.

The V-I-S image fractions can be used not only for characterizing urban

morphology and biophysical conditions but also for LU/LC classification. The

classifications based on the image fractions would be able to accommodate the

spectral heterogeneity that characterizes the urban landscape in medium-resolution

imagery. By contrast, with the ‘hard’ classifiers, each thematic class is assumed to be

both spatially and spectral homogeneous at the pixel scale (Small 2005). Moreover,

the continuum variables that LSMA provided can more accurately characterize the

‘fuzzy’ nature of the urban landscapes. Fuzzy classification intends to address this

fuzzy nature but does not provide a physical solution for the urban reflectance

(Small 2004). This study further shows that, statistically, LSMA-derived fractions

can be used to generate better classification results. Stable and reliable fraction

estimates derived from the multitemporal image data were found to be straight-

forward for an analysis of urban landscape dynamics because the fractional

characteristics of LULC types at one date were comparable with other dates of

fraction estimates. Many digital change detection methods for urban growth

analysis use pixel-by-pixel comparison algorithms, which may cause the problem of

error propagation in the overlay process. Compared to other urban growth models

Landscape as a continuum: urban landscape in Indianapolis 2571
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based on multitemporal remote sensing imagery (e.g. Batty and Longley 1994,

Clarke and Gaydos 1998, Auch et al. 2004), this continuum model offers a more

flexible way for urban time–space modelling and comparison of urban morphologies

in different geographical settings because it took into account the physical process

responsible for the observed radiance and provided a more accurate representation

of urban landscapes. It should be noted that the images used in this study were close

to the anniversary date and atmospheric correction was conducted using an

improved image-based calibration approach for these images. However, relative

radiometric correction was not performed so that the spectral reflectance of an

individual band at one date cannot be directly related to that at other dates. The V-

I-S fractions derived from LSMA, which used transformed MNF component

images, were based on the spectral relationship among the image bands of the same

date. Our fieldwork proved that these fraction values and their changes over time

were sensible.

The V-I-S model has been applied successfully to both temperate (Salt Lake City,

Columbus, Ohio, Indianapolis, Los Angeles, USA; Queensland, Australia; Cairo,

Egypt; Shanghai, China) and tropical cities (Bangkok, Thailand; Yogyakarta,

Indonesia; Manaus, Brazil) under different climate conditions. A main strength of

the V-I-S model lies in its generalization and simplification of urban land cover into

the components of vegetation, impervious surface and soil. The ‘soil’ in the model

may include various types of soils, bare ground and sparsely vegetated areas. The

‘vegetation’ refers to green vegetation, and may include trees, grasses, pastures,

crops, and so on. Both ‘vegetation’ and ‘soil’ may have distinct seasonal variability,

while impervious surface is relatively stable. Urban mapping must consider the

daily, seasonal and annual phenological cycles of vegetation, which affect the

temporal pattern of soil. In addition to the temporal variability, the spectral

variability of the V-I-S components must be addressed. For instance, because of the

complexity of impervious surfaces, different urban areas may have substantially

different types of impervious surfaces. Identifying a single endmember to represent

all types of impervious surfaces may not be realistic. This study shows that the

impervious surface was overestimated in less-developed areas but underestimated in

well-developed areas. Impervious surface may have highly similar spectral responses

with non-photosynthesis vegetation and dry soils. On the contrary, shade from tall

buildings, large tree crowns and dark objects may cause impervious surfaces to be

underestimated. The limitation in the spectral resolution of Landsat imagery makes

it impractical to derive and depict various types of impervious surfaces with several

endmembers. To overcome this problem, a multiple-endmember LSMA model has

been developed and found to be more effective when a large number of endmembers

are required to be modelled across an image scene (Painter et al. 1998, Roberts et al.

1998, Okin et al. 2001, Powell et al. 2007). In addition, calibration with reference

endmembers from a spectral library or in situ measurements would also be desirable.

The spectral variability of the vegetation fraction is another significant issue in

LSMA of Landsat imagery for urban landscapes (Song 2005). Our study indicated

that the vegetation endmember usually corresponded to grass or dense crops or

pasture. Because forest possessed an internal shade component, it was located along

the mixing line between the vegetation and low-albedo endmembers. Shade is an

important component captured by optical remote sensors, and was therefore

included in the Lu–Weng model (Lu and Weng 2004). Impervious surface, shade

and vegetation were considered to be three basic components in the urban areas,
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while in the surrounding areas, soil, vegetation and shade were used to account for

the spectral variability. However, the Lu–Weng 2004 model was not able to separate

soil and impervious surface materials. In this study, low- and high-albedo

endmembers were derived to depict better the impervious surface. Low-albedo

endmembers were found to mainly correspond to water, canopy shade, tall building

shade, or dark impervious surface materials. Future studies should refine this

endmember and examine how it is related to shade, water and other materials.

The spatial variability of the V-I-S model also needs to be examined. The intra-

urban variability is a consequence of the wide variety of urban materials, land cover

and land use in different parts of the city. Our investigation of the V-I-S dynamics in

the nine townships of Indianapolis due to changes in the urban landscape revealed an

urban-to-rural gradient in these components. This explains the effectiveness of the

continuum model for such an urban growth analysis. The concept of ‘urban’ and ‘city’

was not differentiated well in the Ridd’s study. We suggest that, based on previous

studies, the V-I-S model may be extended to the land cover of cities (including urban,

suburban and surrounding rural areas). Wu et al. (2005) suggested that different V-I-S

models should be constructed for different functional districts. The inter-urban

variability results from the diversity of biophysical, geological, economical, social and

urban development history among cities. Small (2005) compared 28 cities in the world,

and found that these cities had a similar mixing topology in Landsat ETM + imagery

and can be represented by three-component (high-albedo, dark, and vegetation

endmembers) linear mixture models in both scene-specific and global composite

mixing spaces. This current research could be extended in the future by testing the

hypothesis that the Indianapolis model can only be applied to cities in developed

countries and not to cities in developing countries. The model can be parameterized

and validated for certain time periods of selected cities using available medium-

resolution satellite data. The results of our model applied to and parameterized for

developed countries can then be compared with those for developing countries, with

the aim of developing a global model for remotely sensed analysis of urban landscapes.
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