
 

  
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Introduction 
 
Urbanization involves transformation of various land uses into urban areas. Unplanned and 
uncontrolled urban expansion leads to environmental degradation causing shortages of           
housing, worsening water quality, excessive air pollution, improper waste management etc. 
(Ramachandra et al. 2012, Uttara et al. 2012). The process of urbanization has a major impact 
on the land use patterns, affecting functional aspects of the landscape (Hara et al. 2005, Frohn 
and Hao 2006), including the process of waste assimilation. This necessitates mapping and 
monitoring of urban footprint through quantification of paved surface (built up, roads, etc.). The 
proportion of paved surface (built up, roads, etc.) with the reduction of other land use types in a 
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Abstract: Urban footprint refers to the proportion of paved surface (built up, roads, etc.) 
with the reduction of other land use types in a region. Rapid increase in the urban areas is 
the major driver in landscape dynamics with the significant erosion in the quality and        
quantity of the natural ecosystems. The urban expansion process hence needs to be   
monitored, quantified and understood for effective planning and the sustainable                 
management of natural resources. Cities and towns have been experiencing considerable 
growth in urban area, population size, social aspects, negative environmental and               
geographical influence, and complexity. Mumbai, the commercial capital of India, has         
experienced a spurt in infrastructural and industrial activities with globalization and opening 
up of Indian markets.  Unplanned urbanization has resulted in dispersed growth in          
peri-urban pockets due to socio-economic aspects with the burgeoning population of the 
city. Consequent to this, there has been an uneven growth pattern apart from the increase 
in slums in and around the city. This has necessitated the understanding of the               
urbanization pattern and process focusing especially on the expanding geographical area, 
its geometry and the spatial pattern of its development. This communication discusses the 
urban footprint dynamics of Mumbai using multi-temporal remote sensing data with spatial           
metrics. Land use analysis indicated a decrease of vegetation by 20% with an increase in 
urban extent by 155% during the last three decades. Landscape metrics aided in assessing 
the spatial structure and composition of the urban footprints through the zonal analysis by 
dividing the region into four zones with concentric circles of 1 km incrementing radius from 
the city centre. The study reveals a significant variation in the composition of the urban 
patch dynamics with increasing complexity and aggregation of urban area at the centre and 
sprawl at the outskirts. Shannon’s entropy further confirms of sprawl with time. Further 
zoning with the circular gradients aided in understanding the transition process of land use 
categories into urban patch. 
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region is referred as urban footprint. A concentrated growth of urban footprint often leads to the 
dispersed growth or urban sprawl at outskirts.  Urban sprawl is often referred to as                  
uncontrolled, scattered sub-urban development which lacks basic amenities such as treated 
water supply, sanitation, infrastructure, etc. with serious implications on local ecology and        
environment (Peiser 2001, Yedla 2003, Sudhira et al. 2004, Huang et al. 2008, Ramachandra 
et al. 2012, Bharath et al. 2012). Advanced understanding and visualization of sprawl helps in 
better regional planning with appropriate basic infrastructure and amenities (like supply of  
treated water, electricity, sanitation facilities). These regions are often left out of most of the 
governmental surveys (ex: national population census) as these pockets are not grouped under 
either urban or rural areas. The understanding of sprawl dynamics is very crucial to provide 
better governance with basic amenities and it also balances the provision of natural resources 
and human needs through visualized and orderly regional planning. Urban sprawl was          
evaluated and characterized exclusively based on major socio-economic indicators such as 
population growth, commuting costs, employment shifts, city revenue change, and number of 
commercial establishments (Han and He 1999, Brueckner 2000, Lucy and Phillips 2000, Lin 
and Ho 2003, Lichtenberg and Ding 2008). However, these approaches do not identify and 
quantify the impacts of urban sprawl in a spatial context that is required for local area planning.  
 
Availability of temporal remotely sensed data acquired through space-borne sensors helps  
detecting the urban landscape dynamics in relation to urbanization (Chen et al. 2000, Epstein 
et al. 2002, Lo and Yang 2002, Ji et al. 2001, Lo and Yang 2002, Yeh and Li 2001, Sudhira et 
al. 2003, Ramachandra et al. 2012). This aids in characterizing the spatiotemporal trends of 
urbanization process and sprawl (Zerah 2008). Computation of metrics and modelling based on 
multi temporal spatial data provides a basis for predicting urbanization processes. This               
information supports policy making for an effective urban planning with natural resources           
conservation. Further temporal dynamics information with spatial metrics provides insights to 
the urbanization pattern (i.e., property, complexity and size of the existing urban area), which 
helps the sustainable regional development (Hill et al. 2004, DeFries 2008, Bhatta 2009a, 
2009b, Ramachandra et al. 2012). 
 
Urban pattern analysis provides the spatial properties and configuration of the area at a          
particular time (Galster et al. 2001) as urban patterns deal with the physical structure and the 
spatial characteristics of the urban processes that vary over time (Aguilera et al. 2011). Urban 
patterns have been analysed using spatial metrics (Jiang et al. 2007, Angel et al. 2007,             
Bharath et al. 2012, Ramachandra et al. 2012). Spatial metrics are useful in detecting the              
evolution of the urban sprawl pattern with time. These metrics, developed for thematic                 
categorical maps, are applicable to a particular scale and resolution (Herold et al. 2003).              
Spatial metrics concepts are mostly used in the landscape ecology, but recently, it is being 
applied in the urban environments for mapping the urban process and structure (Alberti and 
Waddell 2000, Herold et al. 2002). Further, to understand, to locate and to quantify the specific 
areas of sprawl, density gradients (Ramachandra et al. 2012) are potentially useful in                  
quantifying the urban development. The combination of remote sensing, density gradients and 
spatial metrics techniques provides an accurate and detailed mapping of the data which are 
immensely useful in urban applications (Ji et al. 2006, Ramachandra et al. 2012, Weng 2012). 
This communication is based on the potential of remote sensing, density gradients and spatial 
metrics for understanding the urban sprawl including the direction of growth. This paper is          
subdivided into four sections. The first section outlines the study area and data, the second 
section focuses on the methods used for understanding urban dynamics and the final section 
presents the results and conclusion. 
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Study area 
 

Mumbai is the capital of the Indian state of Maharashtra. It is located at 18°55’N and 72°50’ E 
and it is bounded by the Arabian Sea in the west. It is the most populous city in India, and the 
sixth most populous city in the world and it is also considered as the commercial capital of India 
that serves as an economic hub of India. In the last three decades, the city saw tremendous 
growth in the infrastructure development and urban expansion. Mumbai has a population          
density of 4583 persons per square kilometre (Census of India 2001). Mumbai urban                       
agglomeration is ranked third after Tokyo and Mexico City. The city started experiencing          
urbanization and industrial expansion during the 1860s, which gradually led to the rise of more 
urban areas. Mumbai is formed of seven islands and the expansion of Mumbai resulted in the 
bulging of the islands causing a scarcity of land. The study has been carried out for Mumbai 
city considering a 10 km buffer (Fig. 1). 

Demography and Economy 
 

Mumbai is the most populous city and a cosmopolitan megacity of India. It is also considered 
the business capital of India because of its large trading activities. According to the 2011         
census, Mumbai’s population was about 12 million. Figure 2 depicts the temporal decadal        
population since 1901. Table 1 lists the geographical area, population and population density 
during the past four decades. In the beginning of 1990, the city experienced a major growth in 
the development of manufacturing industries and service sector industries, such finance, mass 
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Fig. 1 – Study area: Mumbai with 10 km buffer  



 

 
 

 

media, communication and information technologies, and real estate and property development 
sectors (Pacione 2006). The GDP per capita is 43, which is higher than for other cities.  

 

Table 1 

Area, Population and Population density of Mumbai  

 Source: Census India (1971-2011)  

 
Urban Development Planning and Infrastructure 

 
The urbanisation process in Mumbai has led to the expansion of the city and provision of many 
industries resulted in a large scale migration (Prasad et al. 2009). The city planning                   
development process is controlled by the town planning departments and the Urban              
Development Authority. The Greater Mumbai Municipal Corporation also known as Brihat 
Mumbai Municipal Corporation (BMMC) is one of the most affluent civic bodies in the country 
and it covers an area of 4,355 km2 (Neelima 2003). Mumbai Metropolitan Region Development 
Authority (MMRDA) was setup in 1975 under the Mumbai Metropolitan Region Development 
Authority Act, which is responsible for the planning and development activities in the Mumbai 
region (Neelima 2003).  
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Fig. 2 – Temporal population since 1901  
Source: Census of India (2001) 

City Area 
(sq. km.) 

Year Population  
(lakhs) 

Population Density 
(Persons per sq. km.) 

  
Mumbai 

  
3571.05 

1971 5970575 1671 

1981 8243405 2308 

1991 9925891 2780 

2001 11914398 3336 

2011 12478447 
3494 



 

 
 

 

Data 
 

Data used for assessing the urban dynamics included multispectral data of Landsat series and 
collateral data (such as the Survey of India topographic sheets), which are listed in Table 2. 

 
Table 2  

Data used for assessing urban dynamics 

Method 
 

Urban dynamics was assessed using temporal remote sensing data of the period 1973 to 2010. 
The time series spatial data acquired from Landsat Series Multispectral sensor (57.5 m) and 
thematic mapper (28.5 m) sensors for the period 1973 to 2010 were downloaded from a public 
domain (http://glcf.umiacs.umd.edu/data). The Survey of India (SOI) topographic sheets of 
1:50000 and 1:250000 scales were used to generate base layers of city boundary, etc. The 
process of the analysis is threefold as described in Figure 3, which includes pre-processing, 
analysis of land cover and land use, and finally, the gradient wise zonal analysis of Mumbai.  
 
1. Pre-processing: Remote sensing data (Landsat series) for Mumbai, aquired for different 
time periods, were downloaded from Global Land Cover Facility (http://www.glcf.umd.edu/
index.shtml and http://www.landcover.org/), United States Geological Survey (USGS) Earth 
Explorer (http: // edcsns 17. cr. usgs. gov/ NewEarthExplorer /) and Glovis (http://
www.glovis.usgs.gov). The remote sensing data obtained were geo-referenced, geo-corrected, 
rectified and cropped pertaining to the study area. Geo-registration of remote sensing data 
(Landsat data) has been done using ground control points collected from the field using pre 
calibrated GPS (Global Positioning System) and also known points (such as road                     
intersections, etc.) collected from geo-referenced topographic maps published by the Survey 
of India. The Landsat satellite data of 1973 (with spatial resolution of 57.5 m x 57.5 m, nominal 
resolution) and of 1992 - 2009 (28.5 m x 28.5 m, nominal resolution) were resampled to 30 m 
in order to maintain uniformity in spatial resolution across different time periods. The study has 
been carried out for the Mumbai administrative area with 10 km buffer, which helps in         
accounting the region experiencing sprawl.  
 
2. Land Cover analysis: Land Cover analysis was performed to understand the changes in the 
vegetation cover. Normalised Difference Vegetation Index (NDVI) was found suitable and it 
was used for measuring vegetation cover. NDVI values range from -1 to +1. Very low values of 
NDVI (-0.1 and below) correspond to soil or barren areas of rock, sand, or urban built up. Zero 
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Data 

 
Year 

 
Purpose 

Landsat Series Multispectral   
sensor (57.5m) 

1973 Land cover and Land use analysis 

Landsat Series Thematic mapper 
(28.5m)  
and Enhanced Thematic Mapper 
sensors 

1992, 
1998, 
2009 

Land cover and Land use analysis 

Survey of India (SOI) topo sheets 
of 1:50000 and 1:250000 scales 

- To Generate boundary and Base layer 
maps 

Field visit data – captured using 
GPS 

- For geo-correcting and generating             
validation dataset 



 

 
 

 

indicates water cover. Moderate values represent low density vegetation (0.1 to 0.3), while 
high values indicate thick canopied vegetation (0.6 to 0.8). 
 
3. Land use analysis: The method involves a) generation of False Colour Composite (FCC) of 
remote sensing data (bands – green, red and NIR). This helped in locating heterogeneous 
patches in the landscape, b) selection of training polygons (these correspond to                     
heterogeneous patches in FCC) covering 15% of the study area and  uniformly distributed over 
the entire study area, c) loading these training polygons co-ordinates into pre-calibrated GPS, 
d) collection of the corresponding attribute data (land use types) for these polygons from the 
field. GPS helped in locating respective training polygons in the field, e) supplementing this 
information with Google Earth, f) 60% of the training data has been used for classification, 
while the balance is used for validation or accuracy assessment. 

 
Land use analysis was carried out using supervised pattern classifier - Gaussian Maximum 
Likelihood Classifier (GMLC) algorithm. Remote sensing data was classified using signatures 
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Fig. 3 – Procedure adopted for classifying the remote sensing data and the  
computation of metrics  



 

 
 

 

from training sites that include all the land use types detailed in Table 3. Mean and covariance 
matrix are computed using the estimate of maximum likelihood estimator. This technique has 
proved to be a superior classifier as it uses various classification decisions using probability 
and cost functions (Duda et al. 2000, Ramachandra et al. 2012).  
 
Maximum likelihood classifier is then used to classify the data using these generated               
signatures. This method is considered as one of the superior methods as it uses various          
classification decisions using probability and cost functions (Duda et al. 2000). Mean and         
covariance matrix were computed using the estimate of maximum likelihood estimator. Land 
use was computed using the temporal data through the open source program GRASS -              
Geographic Resource Analysis Support System (http://ces.iisc.ernet.in/foss). Signatures were 
collected from field visits and with the help of Google Earth. 60% of the total generated             
signatures were used in classification and 40% of the signatures were used in the validation 
and accuracy assessment. Classes of the resulting image were re-classed and recoded to form 
four land-use classes 
 
Accuracy assessment methods evaluate the performance of classifiers (Mitrakis et al. 2008). 
This is done either through comparison of Kappa coefficients (Congalton et al. 1983). For the 
purpose of accuracy assessment, a confusion matrix was calculated. Accuracy assessment 
and Kappa coefficient are common measurements used in various publications to demonstrate 
the effectiveness of the classifications (Congalton 1991, Lillesand and Kiefer 2005). Recent 
remote sensing data (2010) was classified using the collected training samples. Statistical             
assessment of classifier performance is done based on the performance of spectral                 
classification considering reference pixels which include computation of kappa (κ) statistics and 
overall (producer's and user's) accuracies. For earlier time data, training polygon along with 
attribute details were compiled from the previously published topographic maps, vegetation 
maps, revenue maps, etc. 
 

Table 3  

Land use classification categories adopted 

 
4. Zonal Analysis: City boundary along with the buffer region was divided into 4 zones: North-
east (NE), Southwest (SW), Northwest (NW), Southeast (SE) for further analysis as the            
urbanization is not uniform in all directions. As most of the definitions of a city or its growth are 
defined in terms of directions, it was considered more appropriate to divide the region in four 
zones based on direction.  Zones were further divided into concentric circles of 1 km                     
incremental radius from the central pixel (Central Business district). The growth of the urban 
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Land use 
Class 

Land uses included in the class 

Urban Residential area, industrial area, and all paved surfaces  
and mixed pixels having built up area 

Water bodies Tanks, Lakes, Reservoirs 

Vegetation Forest, Cropland, Nurseries 

Others Rocks, Quarry Pits, Open Ground at Building Sites, Kaccha Roads 



 

 
 

 

areas along with the agents of change is understood in each zone separately through the            
computation of urban density for different periods.  

 
5. Division of these zones to concentric circles (Gradient Analysis): All of the zones were           
divided into concentric circles with a consecutive incrementing radius of 1 km from the center of 
the city. This analysis helped in visualising the process of change at a local level and to             
understand the agents responsible for the changes. This helps in identifying the causal factors 
and locations experiencing various levels (sprawl, compact growth, etc.) of urbanization in  
response to the economic, social and political forces. This approach (zones, concentric circles) 
also helps in visualizing the forms of urban sprawl (low density, ribbon, leaf-frog development). 
The built up density in each circle is monitored overtime using time series analysis. This helps 
the city administration in understanding the urbanization dynamics to provide appropriate        
infrastructure and basic amenities.  

 
6. Shannon’s Entropy: Further to understand the growth of the urban area in a specific zone 
and to understand if the urban area is compact or divergent, the Shannon’s entropy (Sudhira et 
al. 2004, Ramachandra et al. 2012) was computed for each zone. Shannon’s entropy (Hn), 
given in equation 1, explains clearly the development process and its characteristics.   

 
(1) 

 
 
Where Pi is the proportion of the built-up in the ith concentric circle. As per Shannon’s Entropy, 
if the distribution is maximally concentrated in one circle, the lowest value – zero – will be     
obtained. If the distribution is even among the concentric circles, Hn will have maximum of         
log n. 
 
7. Computation of spatial metrics: Spatial metrics are helpful to quantify spatial characteristics 
of the landscape. Selected spatial metrics were used to analyse and understand the urban  
dynamics, while FRAGSTATS (McGarigal and Marks 1995) was used to compute metrics at 
three levels: patch level, class level and landscape level. Table 4 below gives the list of the 
metrics along with their description considered for the study.  

Results 
 

1. Land Cover Analysis: Land cover analysis was performed using NDVI and results are       
provided in Figure 4. NDVI ranges from -1 to 1. The negative value indicates the presence of 
non-vegetation such as built-up, water, sand etc. The positive values indicate the presence of 
vegetation. Table 5 tabulates the results of NDVI analysis.  NDVI generated indicates that there 
has been a loss of green cover in the study region. Vegetation declined from 53.63 (1973) to 
33.76 % (2009). There has been a loss in vegetation up to 62.79% during the past four  
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Year Vegetation (%) Non- vegetation (%) 

1973 53.63 46.38 

1992 39.77 60.23 

1998 37.43 62.55 
2009 33.76 66.23 

Table 5  

NDVI output generated results gives idea about vegetation versus non vegetation 



 

 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Urban Footprint of Mumbai - The Commercial Capital of India 

79 

                                                                             Table 4 
Spatial metrics chosen for the urban pattern analysis 



 

 
 

 

decades. Vegetation class includes forests, agriculture,   plantation, etc. Land use analysis 

would help in getting details under each land use category. 
 
2. Land use analysis: Temporal remote sensing data of the study area were classified using 
GMLC with training data. Data that was kept for validation were used to generate another set of 
classified images. Accuracy assessment of both the sets of classified images was done using 
error matrix, overall accuracy and Kappa statistics. Figure 5 shows the classified images of the 
study region. Table 6 lists details of land use categories and Table 7 provides the overall        
accuracy and Kappa statistics of the classified data. 
Land use statistics, as tabulated in table 6, indicates that there has been a phenomenal growth 
of urban area of 155% during the past four decades. Figure 6 depicts the process and diffusion 
of urban pockets in the study region during the past four decades. Further, the study area was 
divided into 4 zones and into concentric circles of 1km radius from the city centre. Figure 7  
depicts the circle-wise land use statistics.  
 
3. Shannon’s entropy (Hn): Table 8 lists the Shannon’s entropy calculated for the data of 1973 
to 2009. Figure 8 indicates the direction-wise Shannon’s entropy. This shows an increasing 
trend for NE and SW directions which indicates that urban patches are getting fragmented in 
time. In NW direction, Shannon’s entropy values show an increasing trend till 1998 that slightly  
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Fig. 4 – NDVI from Landsat 1973, 1992, 1998 and 2009 for Mumbai region  



 

 
 

 

 

Table 7 
Overall Accuracy and kappa statistics of classified images 
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Fig. 5 – Spatial extent of land use categories in Mumbai  

Table 6 
Land Use statistics of the classified images 

Land Use 
category 

Built-up 
(%) 

Vegetation 
(%) 

Water body 
(%) 

Others 
(%) 

1973 
1992 
1998 
2009 

3.32 
7.37 
9.28 

14.26 

35.04 
21.92 
20.26 
16.19 

43.22 
45.82 
45.71 
44.74 

18.42 
24.89 
24.75 
24.80 

City 1970s 1980s 1990s 2000s 

OA 

 

OA 

 

OA 

 

OA 

 
MUMBAI 73 0.9471 98 0.8115 99 0.8225 99 0.8193 



 

 
 

 

Table 8 
Shannon’s entropy for Mumbai region 
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  NE NW SE SW Reference value 

1973 0.02 0.11 0.21 0.14   
1.59 

  
1992 0.20 0.16 0.26 0.13 
1998 0.31 0.22 0.27 0.14 
2009 0.32 0.30 0.43 0.22 

Fig. 6 – Urbanisation pattern of 
Mumbai in past 4 decades 

Fig. 7 – Circle-wise land use statistics 
for Mumbai 



 

 
 

 

decreases in 2009 indicating compactness. In SE direction, there has been an increasing trend 
from 1973 to 1992 with a sudden decline in 1998 (which shows compactness) and a slight  
increase in 2009 with increasing fragmentation. 
 
4. Spatial metrics analysis 
 
4.1. Percentage of landscape (PLAND): PLAND (Fig. 9a) equals the percentage of                 
landscape comprised of the corresponding class patches. Built up percentage was computed to 
understand the ratio of built up and its increase in the landscape. Percentage of landscape 
gives a similar trend as the class area. In northeast direction, maximum PLAND is depicted in 
C13, C17, C25 and C27 in 2009. In northwest direction, the maximum value was found in C11, 
C12, C13, C14 and C15. Similarly, in SE (C13 to C27) and in SW (C5 to C21), the landscape 
comprised of a high rate of the urban patches as depicted in the graph below.  
 
4.2. Number of patches (NP): Number of patches (NP) equals the number of built up patches in 
hectares in a landscape. It indicates the level of fragmentation in built up landscape (Fig. 9b). In 
NE direction, C19 and C27 show a greater number of urban patches which imply that the 
patches are getting fragmented (more values found in 1992 and 1998 compared to 2009, 
whereas 1973 has a very low value which indicates the compact features of urban patches). In 
NW direction, the number of patches is varying for all circles (more variation is found in 1992 
and 1998 compared to 2009, whereas, 1973 has a very low value which indicates the compact 
features of urban patches). In SE and SW directions, the number of patches is low, which   
indicates the compactness of patches except for circles (C21 to C29) in southeast direction 
(i.e., maximum values found for the year 2009 indicates fragmentation).  
 
4.3. Patch Density (PD): Patch density (Fig. 9c) is an indicator of urban fragmentation and as 
the number of patches increases, patch density increases, which connotes to higher              
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Fig. 8 – Shannon’s entropy for the year 1973 to 2009  
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Fig. 9a – PLAND direction and Circle wise 
(Note: X axis indicates circles considered, Y axis indicates the value of the metrics) 

Fig. 9b – Metric NP direction and Circle wise 
(Note: X axis indicates circles considered, Y axis indicates the value of the metrics) 



 

 
 

 

fragmentation. The metric shows results similar to the number of patches. In NE direction, C19 
and C27 show more number of urban patches, which connotes that patches are getting       
fragmented in time and hence higher values for the patch density were noticed in 1992 and 
1998 (compared to 2009, whereas 1973 has a very low value which indicates the compact   

features of urban patches). In NW direction, patch density is varying for all circles (more varia-
tion of values were found in 1992 and 1998 compared to 2009, whereas 1973 has a very low 
value which indicates the compact features of urban patches). In SE and SW directions the 
patch density is low, which connotes to the compactness of patches except for circles (C21 to 
C29) in SW direction. 
 
4.4. Largest patch index (LPI): Largest Patch Index (LPI) was computed to represent the         
percentage of landscape that contains the largest patch (Fig. 9d). The NE and SW directions 
show that the largest urban patches for the circles C13 to C20 indicate a less number of urban 
patches connoting to compactness of urban features (i.e., mostly in 2009). In NW and SW    
directions, the bigger urban patches are largely present towards the city center, connoting to 
more compact urban patches (i.e., circles from C1 to C17 showing maximum values for all 
years).  
 
 

Urban Footprint of Mumbai - The Commercial Capital of India 

85 

Fig. 9c – PD direction and Circle wise 
(Note: X axis indicates circles considered, Y axis indicates the value of the metrics) 
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Fig. 9d – LPI direction and Circle wise 
(Note: X axis indicates circles considered, Y axis indicates the value of the metrics) 

Fig. 9e – PD direction and Circle wise 
(Note: X axis indicates circles considered, Y axis indicates the value of the metrics) 



 

 
 

 

4.5. Landscape shape index (LSI): Landscape shape index (Fig. 9e) provides a simple        
measure of class aggregation or clumpiness and it is measured via class edge surfaces. Fig 9e 
depicts the complex structure of urban patches that are found in mid circles (circles 10 to 19) 
compared to the circles present in the urban center and fringes. In the NE direction, the metric 
value is less for the year 1973 for all circles indicating a simple structure and compact shapes, 
whereas the years 1992 and 1998 have maximum values compared to 2009, which implies that  
2009 has compact patches compared to 1992 and 1998. Similarly, the NW direction shows a 
similar trend as the NE direction, i.e., 1973 shows compact features while 1992 and 1998 have 
maximum values compared to 2009, indicating more fragmentation in the years 1992 and 1998 
for all circles. The SE direction shows a similar trend as the NE and NW direction. In SW        
direction, the urban patches show a simple structure for 2009 compared to 1992 and 1998 in all 
circles.  

4.6. Normalized Landscape Shape Index (NLSI):  Normalized Landscape Shape Index (Figure 
9f) is similar to landscape shape index but this represents the normalized value. This index 
provides a simple measure of class aggregation or clumpiness. Figure 9f below depicts the 
variations in the value and indicates that complexity of urban patches increases as it moves 
away from the core area. The analysis showed that the circles at the centre in 2009 were 
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Fig. 9f – NLSI direction and Circle wise 
(Note: X axis indicates circles considered, Y axis indicates the value of the metrics) 



 

 
 

 

clumped compared to 1973, whereas circles (circle 28 onwards) show the characteristics of 
fragmented growth towards 2009.  
 
4.7. Edge Density (ED): Edge Density (Fig. 9g) computes the total amount of edge present in a 
landscape. Edge Density (ED) represents the ratio of total edges of all the patches to total  
area. With increase in fragmentation, the number of patches increases and so does the number 
of edges. Hence edge density is the measure of fragmentation of the landscape. Figure 9g 

indicates that the edge density has maximum value for the circles C11 to C29 indicating greater 
fragmentation (i.e., greater values found in 1992 and 1998 compared to 2009, whereas, 1973 
has a very low value which indicates the compact features of urban patches). In NW direction, 
maximum values for all circles were found in the year 1992 and 1998 compared to 2009,           
indicating greater fragmentation in 1992 and 1998 compared to 2009. In SE and SW directions, 
the number of patches is low, which connotes to the compactness of patches, except for circles 
C21 to C29 in 2009 in SE direction, which indicate fragmentation.  
 
4.8. Clumpiness index (CLUMPY): Clumpiness index (Fig. 9h) is the measure of patch           
aggregation. It measures the clumpiness of the overall urban patches. Clumpiness ranges from 
-1 to 1, where clumpiness is equal to -1 when the urban patch type is maximally disaggregated. 
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Fig. 9g – ED direction and Circle wise 
(Note: X axis indicates circles considered, Y axis indicates the value of the metrics) 



 

 
 

 

Clumpiness is equal to 0 when the patch is distributed randomly and clumpiness approaches 1 
when urban patch type is maximally aggregated. The graph shows that the value ranges from 0 
to 1, which implies that the patches are getting aggregated in time for northeast and northwest 
directions. SE and SW directions also show a similar trend, but C39 (SE) and C23, C25 (SW) 
show values of -1 indicating maximum disaggregation of urban patches.  
 
4.9. Interspersion and Juxtaposition Index (IJI): The Interspersion and Juxtaposition Index (IJI) 
(Fig. 9i) measures the extent to which patch types are interspersed (not necessarily dispersed). 
Higher values result when the urban patch types are well interspersed (i.e., equally adjacent to 
each other), whereas lower values characterize landscapes in which the patch types are poorly 
interspersed (i.e., disproportionate distribution of patch type adjacencies) (McGarigal and 
Marks 1995). These metrics’ analysis showed same results as that of the clumpiness index, 
stating that the lower values are found in the inner circles in 2009 and the higher values were 
near the boundary (circles 7 to 27).  
 
4.10. Aggregation Index (AI):  Aggregation Index (Fig. 9j) gives the similar indication as               
clumpiness i.e., it measures the aggregation of the urban patches. The aggregation index 
showed the similar trend as the clumpiness index. The aggregation index has maximum value 
at the city center and urban patches get disaggregated for the circles away from the city center 
as depicted in figure 9j.  

Fig. 9h – ED direction and Circle wise 
(Note: X axis indicates circles considered, Y axis indicates the value of the metrics)  
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Fig. 9i – IJI direction and Circle wise 
(Note: X axis indicates circles considered, Y axis indicates the value of the metrics) 

Fig. 9j – AI direction and circle wise 
(Note: X axis indicates circles considered, Y axis indicates the value of the metrics) 
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Conclusion 
 

The urban footprint has been quantified considering the proportion of paved surface (built up, 
roads, etc.) with the reduction of other land uses. This communication discusses the urban 
footprint dynamics of Mumbai using multi-temporal remote sensing data with spatial metrics. 
Mumbai has a population density of 4583 persons per square kilometre (Census of India 2001). 
Mumbai urban agglomeration is ranked third after Tokyo and Mexico City. Urban dynamics was 
assessed using temporal remote sensing data of the period during 1973 to 2010. Vegetation 
declined from 53.63 % (1973) to 33.76 % (2009). There has been a net loss in vegetation up to 
62.79% in the past four decades. 
 
Over the past four decades, urbanization has significantly modified the land use of Mumbai city 
and its outskirts. The built-up area has significantly increased by 155%, at the expense of non-
forest land in the study region, which includes Mumbai metropolitan area with 10 km buffer. 
Urban sprawl is seen toward the southwest and northeast sectors of the metropolitan area.  

 
The landscape metrics clearly brought out the facts of the process of urbanisation and the      
urban sprawl in the study region. Comparative analysis of change in built-up patch density in 
relation to the spread pattern indicates that all zones have relatively contributed to the          
development of urban area at different stages of urbanization. This analysis also reveals the 
infilling effects of urban development as spreading away from the urban core. These indices 
can provide information on urban land conversion which would help the urban planners and city 
development authority as a hands-on tool to understand the process and for further                   
developmental planning.  
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