
1 Introduction
Over 70% of the population in developed countries lives in urbanized areas (Henderson
and Xia, 1997). Population growth, regional in-migration, and increasing ecological
problems require advanced methods for city planners, economists, ecologists, and
resource managers to support sustainable development in these rapidly changing
regions. In order to make intelligent decisions, and to take timely and effective action,
planners need extensive, comprehensive knowledge about the causes, chronology, and
effects of these processes. Recent research has identified a number of different
approaches for data acquisition and for land-use characterization and analysis which
utilize remote sensing imagery as source data in the derivation of spatial data sets with
high temporal and spatial resolution (Hall et al, 1995).

A major problem in urban area remote sensing from space is the heterogeneity of
the urban environment. This environment typically consists of built-up structures
(for example, buildings, transportation nets), several different vegetation cover types
(parks, gardens, agricultural areas), bare soil zones, and water bodies (Barnsley et al,
1993). In order to record accurately this complex spatial assemblage, high spatial
sensor resolutions (Welch, 1982) are required. Until the development of the IKONOS
satellite (with 1 m panchromatic and 4 m multispectral resolution) such data were
not continuously available from civilian space-borne systems. Several studies have
demonstrated the high potential of digital remote sensing data as source information
specifically useful for analysis of the urban and suburban environment: urban land-use
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and infrastructure mapping and monitoring (Barnsley et al, 1993; Henderson and
Xia, 1997; Jensen and Cowen, 1999; Meaille and Wald, 1990); urban climatic inves-
tigations (Kim, 1992; Quattrochi and Ridd, 1994); estimation of socioeconomic
information (Henderson and Xia, 1997; Imhoff et al, 1997; Jensen and Cowen,
1999; Sutton et al, 1997).

Traditional visual interpretations of high-resolution air photographs can provide
comprehensive information about urban areas. The basis of such analysis is the inter-
preter's knowledge of spatial arrangements of urban land-cover features (for example,
pattern shapes, frequencies) that are used to characterize urban land use (Bowden et al,
1975; Haack et al, 1997). In recent years, most urban land-use studies have employed
data from optical remote sensing satellites [including Landsat Thematic Mapper (TM),
Systeme Probatoire d'Observation de la Terre (SPOT), Indian Remote Sensing
(IRS 1C)] where an effective separation of vegetation, water, and built-up land-cover
categories is possible on a purely spectral basis (Ridd, 1995; Sadler et al, 1991). The
separation of built-up and bare soil or rock areas as well as the discrimination of urban
cover types and land uses (residential, commercial, industrial, and cultural) remains
problematic with these data, principally because of the similar spectral response of
these portions of the urban land-cover mix (Barnsley et al, 1993; Sadler et al, 1991).
The hierarchical US Geological Survey land-use/land-cover classification scheme
(Anderson et al, 1976), separates urban and built-up land as one individual class at
the first level (level I class) and identifies seven discrete urban land-use classes at the
more detailed level II. In general, the level II classes represent a further thematic
discrimination of level I classes. Examples for urban Anderson level II classes are
residential, commercial, industrial, or transportation. It is not possible to derive urban
land use accurately with this type of high thematic resolution using only the spectral
response and widely used `per-pixel' classifiers (Barnsley et al, 1993; Mesev, 1998).

Several different approaches have been developed to improve the thematic accuracy
of urban land-use analyses by utilizing additional analysis or data. Baraldi and
Parmiggiani (1990), Forster (1993), Gong and Howarth (1990), Gong et al (1992),
and Steinnocher (1996) have used structural and textural information from remote
sensing data to improve land-use classification accuracies. Ancillary digital information
such as census data (Mesev, 1998; Sadler et al, 1991) or residential density data have
been integrated in the classification process, but showed only a slight improvement of
the classification (Sadler et al, 1991).

Some recent research has been directed toward quantitatively describing the spatial
structure of urban environments and characterizing patterns of urban structure
through the use of remotely sensed data. A recent approach employing fractal methods
to describe urban land-use structures was developed by Batty and Longley (1988).
Urban environments are characterized by high structural complexity and fragmenta-
tion in contrast to areas of natural vegetation (De Cola, 1989; Lam, 1990). Mesev et al
(1995) derived fractal indices of an urban area from remote sensing data utilizing a
maximum-likelihood classifier and demonstrated an increased capability to describe
the structure and changes in urban morphology. Webster (1995) described `̀ urban
morphological fingerprints'' from remotely sensed images. These authors also indicated
that further research is required in order to apply remote sensing data and fractal or
spatial methods better to urban land-use analysis (Batty and Xie, 1996).

In this study we describe a technique to quantify spatial urban patterns from high-
resolution optical remote sensing data to describe structures and changes in urban land
use. We base this approach on three concepts:
1. Multispectral optical remote sensing allows an accurate separation of diverse urban
land-cover types (including built-up areas, vegetation, and water) to derive accurate
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thematic land-cover maps. However, residential and commercial urban land-use
categories typically cannot be accurately discriminated by applying per-pixel analysis
methods.
2. Spatial and textural context is important information for urban area characteriza-
tion. We utilize landscape metrics as quantitative measures of spatial structures and
pattern to describe urban land-use features.
3. The discrimination of inner-city structures requires remote sensing data exhibiting
very high spatial resolutions. Such data are quite recently available from new satellite
sensor systems. As this study was implemented before such data were publicly avail-
able, we undertook development and evaluation of this approach employing digitized
aerial color infrared photographs. These images have a spatial resolution on the order
of 3 m, similar to currently available data from new space-borne systems.

In this paper, methodological issues and problems are described and discussed in
section 2. The image processing used is presented in section 3. This section also includes
a description of the Santa Barbara/Goleta, California sites where these techniques were
implemented and tested. Results of this study are summarized in section 4.

2 Methodology
2.1 Landscape metrics
Landscape metrics or indices can be defined as quantitative indices to describe
structures and pattern of a landscape (McGarigal and Marks, 1994; O'Neill et al,
1988). The development of landscape metrics is based on information-theory
measures and fractal geometry. Their use for describing natural and geographic
phenomena is described in De Cola and Lam (1993), Mandelbrot (1983), and Xia
and Clarke (1997). Important applications of landscape metrics include the detection
of landscape pattern, biodiversity, and habitat fragmentation (Gardner et al, 1993;
Keitt et al, 1997), the description of changes in landscapes (Dunn et al, 1991; Frohn
et al, 1996), and the investigation of scale effects in describing landscape structures
(O'Neill et al, 1996; Turner et al, 1989). Related investigations usually focus on the
structural analysis of patches, defined as spatially consistent areas with similar
thematic features as basic homogeneous entities, in describing or representing a
landscape (McGarigal and Marks, 1994).

Based on the work of O'Neill et al (1988), a number of different metrics were
developed, modified, and investigated (for example, Li and Reynolds, 1993; McGarigal
and Marks, 1994). The most commonly used metrics are the contagion index and the
fractal dimension.

The contagion index describes the fragmentation of a landscape by the random and
conditional probabilities that a pixel of patch class i is adjacent to another patch class k:
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where
m is the number of patch types (classes),
pi is the proportion of the landscape occupied by patch type (class) i,
gik is the number of adjacencies (joins) between pixels of classes i and k.
The contagion index measures to what extent landscapes are aggregated or clumped
(O'Neill et al, 1988). Landscapes consisting of patches of relatively large, less fragmented
cover are described by a low contagion index. If a landscape is dominated by a relatively
greater number of small or highly fragmented patches, the contagion index is high.
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The fractal dimension usually describes the complexity and the fragmentation of a
patch by a perimeter-area proportion. Fractal dimension values range between 1 and 2.
Low values are derived when a patch has a compact rectangular form with a relatively
small perimeter relative to the area. If the patches are more complex and fragmented,
the perimeter increases and yields a higher fractal dimension.

In this study, landscape metrics were calculated using the Fragstats program
(McGarigal and Marks, 1994). This public domain software allows the user to calculate
a variety of landscape metrics. In addition to contagion index and the fractal dimen-
sion metrics, other, less complex, landscape metrics were derived. These were: percent
cover (the percentage of the area covered by a class relative to the total landscape
area), patch density, patch size standard deviation, and edge density. Table 1 shows the
name, calculation method, metric type, units of measure, and the possible range for
each landscape metric used here. The metric type refers to the thematic zones of the
landscape for which a metric is calculated. For example, the fractal dimension metric is
computed for every patch; other metrics are related to a certain class (describes all
patches of that class) or to the total landscape.

All metrics were selected for use in this study because of their information content
and their potential utility in analyzing different domains of different test sites. For
example, patch-density and edge-density metrics are calculated relative to the total
landscape area. This was required because the analyses used different test sites with
similar, but not equal, landscape areas. The fractal dimension as a measure of the
fragmentation for every patch was applied as a derived metric called area weighted
mean patch fractal dimension (AWMPFD):
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Table 1. Features of the used landscape metrics in Fragstats, after McGarigal and Marks (1994),
Li and Reynolds (1993).

Code Name Calculation scheme Type Units Range

FRACT fractal 2 ln (patch perimeter)/ patch none 1 4 X 4 2
dimension (FD) ln (patch area)

%LAND percent of landscape class area/total landscape class percent 0 ± 100%
area

PD patch density number of patches/total class numbers 51, no limit
landscape area per 100 ha

PSSD patch size standard RMS error (deviation class ha 50, no limit
deviation from mean) in patch size

ED edge density sum all edge lengths/total class meters 50, no limit
landscape area per ha

AWMPFD area weighted mean sum of (FRACT of all class none 1 4 X 4 2
patch FD patches6patch area/total

landscape area)Ðsee
Eqn. 2

CONTAG contagion Sum, over patches of all land- percent 0 ± 100%
index classes (i, j ), of two scape

probabilities (randomly,
conditional) of patch
(class i) being adjacent
to patch (class j )ösee
Eqn. 1
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where
m is the number of patch types (classes),
n is the number of patches of a class,
pij is the perimeter of patch ij,
aij is the area of patch ij,
A is total landscape area.
This AWMPFD averages the fractal dimensions of all patches by weighting larger land-
cover patches higher. This improves the measure of class-patch fragmentation because
the structure of smaller patches is often determined more by image pixel size than by
characteristics of natural or manmade features found in the landscape (Krummel et al,
1987; Milne, 1991).

2.2 Homogeneous urban patches
A basic approach of this study was to define and spatially discriminate areas of similar
urban structure for the application of the landscape metrics, which would then char-
acterize the spatial structure and pattern existing in a given region. This concept is
based upon the `photomorphic region' approach developed for aerial photographic
interpretation (Peplies, 1974) and the assumptions presented by Barr and Barnsley
(1997). Photomorphic regions are defined as image segments with similar properties
according to their size, shape, tone or color, texture, and pattern.Within the context of
landscape metric derivation, such regions are termed in this study `homogeneous urban
patches' (HUPs) and spatially defined in this study as areas of homogeneous urban
land-use structure. The following general rules for HUPs are defined:
(a) HUPs should characterize one type of urban land use (for example, commercial,
residential) with similar size, density, and spatial pattern of built-up structures.
(b) HUP size should be sufficient for an adequate landscape metric analysis. HUPs
should be large with respect to the image resolution, but at least one or two urban
blocks in extent.Very small homogeneous areas (those with just one or two structures)
are too small for urban land-use characterization.
(c) Where possible, HUP boundaries should be selected along streets and other
relevant natural and anthropogenic features such that large built-up patches remain
contiguous.
(d) Areas of other land cover such as bare soil, agriculture, or large water bodies
should be excluded.
(e) For multitemporal analysis the most recent available remote sensing data should be
utilized for HUP segmentation.

The HUP concept provides a major advantage to other spatial structure investiga-
tions of urban areas using remotely sensed data. It allows the characterization of
thematic-defined, irregularly shaped areas (Barr and Barnsley, 1997), whereas other
approaches merely use a quadratic filtering window (kernel) and per-pixel information
(Forster, 1993; Gong et al, 1992; Sadler et al, 1991) as basis for thematic data analysis.

3 Data processing and test sites
Test areas for this study were selected in different districts of the Santa Barbara,
California region (color plate 1, see page 1455). Imagery covering the study site was
acquired from the University of California Santa Barbara Map and Image Library
(MIL). The MIL archives an extensive collection of historic aerial photography,
satellite imagery, and other analog and digital data sets. Three sets of color-infrared
aerial photographs were identified for use in this study. These photographs were
originally acquired by the National Aeronautics and Space Administration as well
as the United States National Aerial Photography Program (NAPP; Light, 1993).
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Three dates of aerial photograph sets with a scale of 1 :130 000 were chosen: February
1978, November 1988, and May 1998. This data set allowed for a multitemporal
analysis covering a ten-year period which has been found to be a sufficient time frame
for urban land-use change mapping (Jensen and Cowen, 1999).

In general, air photographs are fairly inexpensive data sources that provide the
spatial and temporal resolution requirements (especially comprehensive historical time
series studies) for local scale urban growth investigations (Jensen and Cowen, 1999;
Welch, 1982). These analog image datasets are limited in their spectral information and
contain radiometric distortions that usually results in a lower digitized image data
quality compared with digital imaging systems (Light, 1996). Improved digital remote
sensing data with high spatial resolution are now available from the IKONOS multi-
spectral space-borne sensor and are considered to be the start of a new era of remote
sensing application to urban areas (Ridley et al, 1997; Tanaka and Sugimura, 2001),
especially concerning data quality and data availability (Meinel et al, 2001; Toutin and
Chen, 2000). IKONOS data have limitations including costs of data and temporal
resolution considering the time scale of urban growth processes. Accordingly, this
study uses historical air photographs to investigate urban land-use structures and
urban growth processes. The scale of the air photographs (1:130 000) provides more
equal spatial configurations (spatial resolution and spatial extent) than multispectral
IKONOS data and shows the potential of the proposed approach that can be further
investigated and improved in future studies employing IKONOS data. Hence, the data-
quality limitations of the air photographs have to be considered in image analysis.
A number of image-processing steps were required. The positive transparency aerial
photographs were digitized by using an IKONIX, Inc. linear array digitizing system
scanner. The photography was scanned at 600 dots per inch, which resulted in a spatial
resolution of approximately 3 m. The data were geometrically corrected, georefer-
enced, and then merged into image mosaics as two or three individual air photographs
were necessary to cover the whole Santa Barbara study area. To transform image
spectral response into thematic information, the images were individually classified
using an unsupervized approach for class delineation with a manual visual reclassi-
fication into `vegetation' and `built-up' thematic classes. Some inconsistencies were
identified in the multitemporal image classification. These resulted from seasonal
differences in the sun illumination conditions and in the vegetation cover between
the various dates of air photograph acquisition and from radiometric distortions
caused by vignetting effects in the air photographs. Accordingly, only some parts of
the entire study area were available and selected as test sites for comparative multi-
temporal analysis. The classification problems resulting from the spectral limitations of
the air photographs and from the different sun illumination effects were reduced by
assigning just two land-cover classes: built up and vegetation. These two classes are
spatially and spectrally clearly separable in the air photographs and represent the
dominant land-cover categories found in urbanized or residential areas (Sadler et al,
1991; Ridd, 1995). Errors caused by seasonal changes in vegetation cover were mini-
mized by including only the 1978 and 1988 images in the analyses as they are from a
similar season. The 1998 image was not utilized for multitemporal analysis. Resultant
errors in the image classification could not be quantified because of a lack of ground-
truth information, a general problem in historical remote sensing data analysis. The
generally clear spectral and spatial separation of the land-cover classes allows for the
derivation of multitemporal binary land-cover maps of sufficient accuracy to introduce
and evaluate the proposed approach. Resultant classification errors do not significantly
change the general pattern of spatial land-cover structure and urban growth. This
study demonstrates some of the limitations of air photographs when utilized as base
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data in a digital processing environment. Aerial photography is an important data
source for historical urban growth studies; however, problems of data quality and
analysis may be encountered compared with investigations based on digitally acquired
space-borne remote sensing data.

The eight test sites were chosen for this study as HUPs, and landscape metrics were
computed for each of these test sites. Six of the sites were selected principally for the
analysis of urban land use/land cover (table 2). The remaining two sites were chosen in
order to study changes in land-cover features resulting from urban growth (section 4.2).

4 Results
4.1 Landscape metrics and urban land-use structures
The first objective of the study was the separation of different urban land-use classes
on the basis of spatial structure. Color plate 2 shows an example of test sites for the
three land-use categories: commercial and industrial areas (CMI), high-density built-up
residential areas (HDR), and low-density built-up residential areas (LDR).

CMI are dominated by large building structures and extensive impervious cover
(paved areas). Property parcels are spatially aggregated into large tracts of built-up
cover, interspersed with areas of sparse vegetation cover. The high-density HDR test
sites represent a common land-use pattern in which single-family residences are sited
along a regular street pattern. The vegetated zones composed of landscaped lawns,
shrubs, and trees surrounding each residence and parks or other recreational areas are
associated with each neighborhood. Similar to the CMI test sites, no single parcel
shapes are identifiable in the HDR cover type, but mean structure and parcel sizes
are distinctly smaller. Vegetation is dominant in the LDR test sites. The residential
structures are larger, with enclosed large single-family dwellings (including ranches)
surrounded by extensive vegetated tracts common in this cover type. In contrast to the
patterns found in the CMI and HDR sites, single parcels within the LDR sites are not
spatially aggregated and they form independent patches.

The metrics calculated from the 1988 and 1998 aerial photography covering the
three sets of test sites (CMI, HDR, LDR) were compared by mean, minimum, and
maximum values for each landscape index (figure 1, over).

Figure 1 shows that the landscape metrics provide an accurate representation of the
spatial arrangement of vegetation and built-up areas for the three types of land-use
structure and distinct differences are seen among the three HUPs. The percentage of
the landscape area (%LAND) areas quantifies the different ratio of vegetation and
built-up area for each cover type. Built-up area values are approximately 0.90 for
CMI; 0.65 for HDR; and 0.30 for LDR.

Patch density (PD) and the patch size standard deviation (PSSD) values yield
information about the density and the size of built-up areas as well as their spatial
aggregation for each cover type. CMI test sites have the lowest PD (�20 per 100 ha)
and the highest PSSD (�19 ha). The HDR sites show intermediate values for these
metrics (PD �150 per 100 ha; PSSD �8ha) resulting from smaller built-up structures

Table 2. Santa Barbara/Goleta area test sites.

Urban land-use structure type Test site location

Commercial and industrial areas (CMI) Two test sites near Goleta airport
High-density built-up residential areas (HDR) Two test sites in Goleta (North and East)
Low-density built-up residential area (LDR) Two test sites in the Hope Ranch area

(North and South)
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and more vegetated areas, causing a lower spatial coherence. The highest PD (�600
per 100 ha) and the lowest PSSD (0.5 ha) is found in the LDR areas, principally because
of the nearly complete spatial separation between built-up parcels. The wide range of
the PD values resulted from the variance present among the test sites.

The contagion index (CONTAG) describes the fragmentation of the HUP, which is
dependent on the dominance of a class, mean parcel, and built-up-structure size, and
the spatial configuration of the land cover. Accordingly, the large building structures
and the sparse vegetation typical of the commercial regions are reflected by a higher
CONTAG (�63) than in both residential test sites (�22 and �29). HDR areas show
higher landscape fragmentation. A similar disparity exists in the edge density (ED)
values between the CMI test sites and both residential areas: the more heterogeneous
residential areas have a higher ED (�107 and �84 m per ha).

The area weighted mean patch fractal dimension (AWMPFD) measures a different
dimension of urban land-use structure. This metric is a measure of the fragmentation
of each built-up patch, and not for the whole HUP, as is measured by the contagion
metric. The highest values (�1:52) is found in the HDR areas. HDR patches consist of
spatially aggregated parcels and buildings of small size along a regular street pattern,
resulting in a highly fragmented patch structure. The patches of the LDR regions are
not coherent and show a more compact shape, which leads to a lower fractal dimen-
sion (�1:33). Approximately the same AWMPFD values can be found for the CMI
regions, whose small patch fragmentation result from their large size and compact
structure as well as the domination of one land-cover type which prevents a detection
of single houses.

An analysis of the metric values shown in figure 1 also indicate that the different
metrics are individually sensitive to different characteristics of the urban landscape.
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(AWMPFD). For landscape units see table 1.

Figure 1. Mean, maximum, and minimum values for three urban land-use structures derived
from the classified air photographs 1988 and 1998 (four values for every land use).

1450 M Herold, J Scepan, K C Clarke



The combination of different spatial information (such as the percentage of landscape,
the spatial aggregation of built-up areas, or the mean parcel and building size) suggests
that a functional separation among the three regions is possible by utilizing selected
landscape metric measures. The different landscape metrics may thus be considered
as `landscape metric signatures' (LMSs) for the various urban land-use categories in the
study area. These signatures can be used to develop and define indices as aggregated
information for land-use structures.

4.2 Landscape metrics and changes in urban land use
The La Cumbre and Isla Vista test sites were investigated because of a well-
documented change in urban land use between 1978 and 1988. To describe the influence
of this change on the spatial landscape structure of the areas, landscape metrics
were comparatively interpreted for the two dates.

4.2.1 La Cumbre test site
The changes in the urban structure in this test site detected in the 1978 and 1988 air
photographs are presented in figure 2. The growth of built-up areas in different parts of
the imagery clearly shows the displacement of vegetation areas by built-up structures.
The housing and parcel structures in 1988 are comparable with the HDR areas. The
spread of HDR areas between the two dates resulted in a finer textured and more
fragmented urban landscape.

Figure 3 (see over) presents the variation of the landscape metrics regarding the
changes in land-use structure between 1978 and 1988 (figure 4) and the LMSs described
in figure 1. The percentage of built-up zones of the total landscape area (%LAND)
increases from approximately 25% in 1978 to more than 50% in 1988. This describes
the transition of this area from a low-density built-up condition with a landscape
dominated by natural cover to an urban condition. The PD shows a decrease from
�590 to�320 per 100 ha in combinationwith a slight rise of the PSSD, from�1 to�3 ha.

1978 1988

Air photograph

Classification

Figure 2. Changes in urban land-use structure of the La Cumbre region between 1978 and
1988 represented in the air photographs and the classified distribution of vegetation (gray)
and built-up areas (black).
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The proportion of built-up areas increases, but individual structures border more on one
another and form fewer patches with a higher size variance.

The decreasing CONTAG and increasing ED values indicate a higher fragmentation
of the area in 1988. This fact was already apparent at the interpretation of the changes in
the air photograph (figure 2), where the vegetation-dominated urban landscape of 1978
became spatially more heterogeneous and fragmented during the spread of anthropo-
genic structures by 1988. The fragmentation of the built-up patches, expressed by the
AWMPFD, increases by 0.12. This can be predominantly ascribed to a higher %LAND and
the higher spatial aggregation of single built-up structures in the aerial photographs.
This is reflected in the PD and PSSD metrics derived for this test site.

The change of the landscape metrics in comparison to the LMS which were
developed indicates a transition of an LDR area to a HDR landscape structure
between 1978 and 1988. This variation is evident in all metrics, whereas some values
lie outside the range of the LMS derived from other test sites.

4.2.2 Isla Vista test site
The Isla Vista test site was selected as an example of changes within an existing urban
environment between 1978 and 1988. This district predominantly consists of multiple-
family dwellings and student housing units with a very high population density. The
continuous demand for housing leads to an increasing density of the built-up areas and
this condition shows clearly in the 1978 and 1988 aerial photographs.

Figure 4 shows portions of the 1978 and 1988 air photographs and the correspond-
ing classified images. In the 1978 air photograph, some vegetated areas appear as open
spaces inside the otherwise high-density built-up area. The vegetation zones are mostly
open lots, identifiable by their rectangular shape. By 1988 most of these open spaces
were developed, causing a change in spatial landscape structure with the increased
density of the urban space.
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Figure 3. Changes of six landscape metrics in the La Cumbre area between 1978 and 1988 in
comparison with the `landscape metric signatures' (see figure 1).
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1978 1988

Air photograph

Classification

Figure 4. Changes in urban environment in the Isla Vista region between 1978 and 1988 repre-
sented in the air photographs and the classified distribution of vegetation (grey) and built-up
areas (white).

%LAND PD/10 PSSD CONTAG ED/10 AWMPFD
120

100

80

60

40

20

0

L
an

ds
ca
pe

m
et
ri
c
va
lu
e

1.6

1.5

1.4

1.3

1.2

1.1

1.0

F
ractal

dim
ension

value

Commercial and industrial areas (CMI)
High-density built-up residential areas (HDR)
Low-density built-up residential areas (LDR)

1978
1988

Figure 5. Changes of six landscape metrics in the Isla Vista area between 1978 and 1988 in
comparison with the `landscape metric signatures' (see figure 1).
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The differences in the values of the various landscape metrics between 1978 and
1988 compared with the LMS are shown in figure 5. The %LAND metric increases from
0.65 in 1978 to more than 0.80 in 1988, clearly documenting the increasing urban
density. The patch density decreases from �150 to �80 per 100 ha and the patch size
standard deviation increases from �7 to �10 ha. These values are similar to the
changes in the La Cumbre test site (figure 3) and indicate an increasing spatial
aggregation of the built-up areas, resulting in fewer patches with a higher variance in
size.

The changes of the CONTAG, ED, and AWMPFD fragmentation metrics indicate a
lower spatial heterogeneity of the landscape thanks to an increasing dominance of the
built-up class as well as the disappearance of open urban space resulting in a less
fragmented landscape. This process is markedly different in the Isla Vista test site. In
the La Cumbre test site the urban growth process produced a more highly fragmented
landscape.

The LMS of the Isla Vista test site shows a compaction of the urban space, from a
signature typical of HDR in 1978 trending toward a CMI signature in 1988 (figure 5).
The %LAND, CONTAG, and the AWMPFD all clearly indicate this trend. The PD and the
PSSD values show, however, that the urban land use in Isla Vista can still be clearly
characterized as residential. This fact again shows the importance of different metrics
for a robust land-use differentiation.

5 Conclusion and future research
There are two fundamental problems in identifying specific urban land uses with
digital remote sensing techniques; urban areas typically exhibit a spatially heteroge-
neous land cover and there is a great deal of similarity in spectral response from the
different land cover and land uses in this environment. Therefore, in order to derive
accurate urban classifications it is necessary to utilize data acquired by high spatial
resolution sensors in conjunction with classifiers that are more sophisticated than
routine per-pixel algorithms. In this study we examined the use of spatial structure
informationölandscape metricsöderived from classified remote sensing data to
describe structures and changes in urban land use. The methodology uses `homoge-
neous urban patches' and digitally classified color infrared air photographs for the
calculation of the landscape metrics derived using the Fragstats program. Six landscape
metrics were selected for the analysis.

Three urban land-use categories were investigated in accordant test sites: commer-
cial and industrial, residential with high-density built-up structure, and residential
with low-density built-up structure. The comparative evaluation of the landscape
metrics shows distinctive differences between the land-use categories. Four principal
variables were determined to be critical in describing land-cover features in the urban
environment of a `homogeneous urban patch':
1. domination of a land-cover class, either built-up or vegetation,
2. the housing density and spatial arrangement,
3. the mean housing and plot size,
4. spatial aggregation of the built-up areas.
The results show the importance of different landscape metrics for a robust land-use
characterization. The metrics may be considered as `landscape metric signatures'
(LMSs) as they serve as accurate and predictive discriminators of urban land uses
within the study area.

Two urban test sites were examined in order to document the utility of landscape
metrics to identify the displacement of vegetated ground cover by built-up structures.
In the first test site, a landscape structure change was caused by a spread of three types
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Color plate 2. Examples of air photographs and classification results (built-up � black; vegeta-
tion � gray) for three test sites of different urban land uses.

1. Commercial and industrial (CMI)öGoleta 1
2. Commercial and industrial (CMI)öGoleta 2
3. High density residential (HDR)öGoleta North
4. High-density residential (HDR)öGoleta East
5. Low-density residential (LDR)öHope Ranch North
6. Low-density residential (LDR)öHope Ranch South
7. La Cumbre
8. Isla Vista
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Color plate 1. Location of test areas in the Santa Barbara region shown with Landsat TM scene.
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of urban structures into zones of open land cover. The spatial structure of the second
area was modified by the increased density of the built-up urban area through
disappearance of vegetated lots as open urban space.

In both test sites, the variation of the landscape metrics have shown an increasing
ratio of built-up zones within the total landscape area as well as increasing spatial
aggregation of the built-up patches. A different trend was observed, however, for
measures of fragmentation. Urban growth in zones of open or natural land cover
produced higher structural density. This increased density, as well as increased density
within already built-up areas, produced a decrease in the fragmentation of the landscape.

This analysis of LMS values for both test sites demonstrates that they provide
useful and accurate measures of different processes of urban growth. In addition, the
effects of these processes on the spatial arrangement of vegetated land cover (both
natural and man-made) as well as built-up areas can also be accurately identified and
described.

This study clearly demonstrates the utility of landscape metrics for analysis of the
urban environment. A long-term objective of this research, however, is to implement
such analytic techniques operationally for various applications. If this goal is to be
reached, significant research is still required as the process of extracting the LMS
measures from the raw remotely sensed data is complex and requires specialized
knowledge in order to implement both the necessary image processing as well as
the geostatistical analysis that is required in order to derive the landscape metric
information data.

An important future research objective will be the further evaluation of different
spatial metrics as well as the aggregation of metric information (spatial urban indices)
to develop robust measurements of urban morphological structures. Spatial measure-
ments allow a very robust characterization of urban form (Banister et al, 1997; Longley
and Mesev, 2000) and are useful for representing urban processes and functionality and
contributing to urban models. The issue of the input remote sensing datasets is also of
importance. Digitized aerial images were utilized in this study and such imagery is
available to almost every local or regional planning agency. New, high-spatial resolu-
tion satellite data are also now commercially available. These datasets can undoubtedly
serve as input data for the types of analysis described here. Our future research will
seek to test such applications. We are encouraged by the results of this study and are
confident that high-resolution satellite data will also prove useful in such analysis.
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