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Abstract The last couple of decades have seen remark-
able spatial growth in the urban areas of developing
countries. The process of urbanization is directly linked
with land transformation which can be an effective way
to monitor the spatio-temporal pattern of urban growth.
New Delhi, the capital city of India has experienced a
large-scale urban growth during the last decade. In order
to identify the pattern of urban expansion in and around
Delhi, the present study aims to assess the process of
land transformation using multi-temporal Landsat
datasets (1977-2014). The areas under various land
use and land cover (LULC) extracted by support vector
machine (SVM) hybrid classifier reveal asignificant
change in the LULC pattern of the area. A good agree-
ment was found between field-based information and
maps generated using satellite images (kappa >0.84).
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Land transformation maps indicate rapid growth of few
urban centres located outside Delhi National Capital
Territory (NCT), like Gurgaon, Gautam Buddha Nagar,
Faridabad and Ghaziabad. These centres have been
remarkably expanded because of transformation of ag-
ricultural and vegetated lands. However, green patches
within the city have not been affected by the conse-
quences of urbanization. In tune with the rapid urbani-
zation in the periurban centres of Delhi, the Moderate
Resolution Imaging Spectro-radiometer (MODIS)-de-
rived land surface temperature (LST) images revealed
significant change in the level of LST. The inter-
relationship of impervious surface fraction (ISF) and
LST proves a good agreement between them. The in-
creasing trend observed in the long-term (1987-2011)
summer temperature data obtained from India Meteoro-
logical Department (IMD) indicates the rise of mean
summer temperature in the last few decades. Land trans-
formation along with rapid urbanization especially in
the periurban areas of Delhi NCT played a key role in
the increasing trend of surface temperature.

Keywords Land transformation - LST - Periurban
remote sensing - Urban growth

Introduction

The term “urbanization’ indicates a complex process of
socio-economic and ecological transformation of an
area which is mainly driven by anthropogenic activities.
According to Davis and Golden (1954), it is a cyclic
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process through which a traditional agriculture-based
society transforms into a mechanized industrial society.
Although the characteristics of urban areas are almost
same in different countries, the criteria for defining a
region as urban are not similar across the countries.
However, urban areas can be distinguished by their
distinct physical and cultural characteristics. The char-
acteristics of urban centres as well the pace of urbaniza-
tion have altered with time. During 1980-2010, devel-
oping countries have witnessed massive increase in
urban dwellers as compared to the developed countries
(Grauman 1976).

The last century has experienced a large-scale growth
in urban population followed by excessive demand of
land both within and outside cities. It is estimated that
urban population of Asia and Africa will be double
within 2030 and developing countries will have 80%
of the World’s urban population (UN-Habitat 2006).
India, being one of the fast growing countries of the
world, experienced a massive growth in urban areas.
The number of total population has increased 4.3 times,
whereas the number of urban population has increased
more than 11 times during 1991-2001 (Census of India
2001) which is mainly due to natural increase of popu-
lation, rural to urban migration and reclassification of
rural areas as urban. Urban population in India is mainly
confined in class 1 cities, especially in the megacities
where urban population has concentrated and increased
steadily over the last few decades (Kundu 2006). It is
also worthy to mention that percentage share of urban
population has increased from 17.97% in 1961 to
31.16% in 2011 (Census of India 2011). The major
reason behind the increasing trend of urban population
of the country was natural increase of population. Be-
side this, rural to urban migration and emergence of new
cities have also played a significant role in the past
decades. The contribution of natural increase in urban
population was 59.4%, whereas it was 21% and 6.2%
respectively in rural to urban migration and emergence
of new cities during the last century (Kundu 2006).

Although the process of urbanization in Delhi has
been continuing from the Mughal era, it was accelerated
after being designated as the capital of India in 1901.
The city experienced sharp increase in population den-
sity after the independence and partition of the country
in 1947 which led a huge number of refugees to migrate
in the city. In order to provide land for development of
new industries and accommodating the growing popu-
lation, peri-urban area of Delhi city has undergone a
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rapid change by converting the agricultural and other
lands into built up area. Periurban area indicates the
active areas between urban and rural landscape with
new industries, housing and commercial places. With
increasing burden of population and growing demand of
land in a city, the periurban areas experience a process of
transformation from agro-based economy to a fully
developed industry based economy which known as
peri-urbanization.

After the concept of sustainable urbanization has
come to the fore, it has emerged that urban spaces need
to be planned with the understanding of ecological
planning in order to provide environmentally sensitive
urban development. Urban landscape planning means
making decisions about the future situation of urban
land, and it has many benefits in terms of the environ-
ment. It is necessary to predict how the land has changed
over time and the effects of natural factors and human
activities on the land. In this way, successful and sus-
tainable landscape planning studies can be achieved
(Cetin 20154, b, ¢, d; Cetin and Sevik 2016a, b; Cetin
20164, b; Cetin et al. 2018a, b, ¢, d; Cetin et al. 2019;
Yucedag et al. 2018; Kaya et al. 2018). Land cover is
one of the most important data used to demonstrate the
effects of land use changes, especially human activities.

A precise and suitable information system plays vital
role for sustainable development and future urban plan-
ning. In this context, geo-spatial techniques are being
considered as a robust and efficient method for monitor-
ing the land transformation and urban growth quantita-
tively with good accuracy. The satellite-based multi-spec-
tral and multi-temporal images have become essential for
assessing spatio-temporal changes in LULC of urban
areas. The last three decades have seen extensive research
in the field of urban change detection using remotely
sensed images (Gomarasca et al. 1993; Yang and Lo
2003; Haack and Rafter 2006; Rahman et al. 2012;
Dutta et al. 2015). Remote sensing technique coupled
with geographic information systems (GIS) has been
proven to be a useful and cost-effective tool for deter-
mining LULC change and identifying the pattern of land
transformation. Urban growth and industrial develop-
ment especially in the developing countries play a key
role in changing micro-climate in any area. It is estimated
that there is an increase of 0.94 °C in global mean surface
temperature (IPCC 2007) and further estimated that it
will increase 0.3 to 0.7 °C during 1916-1935 (IPCC
2013). Urban growth in and around the major cities
affects the micro-climate of core cities and its periphery
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as a whole. Although it is a localized phenomenon, the
impact of urban heat island effect is vast due to the high
density of population in cities. So, understanding the
inter-relationship between urban growth and changing
micro-climate is crucial for studying urban environment.
In this context, the present study attempts to find out the
changing pattern of urban landscape in and around Delhi
NCT and its impact on surface temperature using multi-
temporal satellite datasets. Here, long-term effects of
urban growth have been analysed using 8 day composite
MODIS LST datasets and in situ climatic datasets from
IMD. Beside this, variation in ISF and population density
of different administrative units has been examined with
satellite-derived LST data.

Study area

The National Capital Territory (NCT) of Delhi and its
periurban areas has been chosen for the present study
(Fig. 1). ‘Periurban’ area refers to a transition or
interaction zone, where urban and rural activities
are juxtaposed, and landscape features are subject to
rapid modifications mainly induced by human activ-
ities (Douglas 2006).

Since the periurban area is a transitional zone
between rural and urban centres, demarcation of its
boundary is a difficult task. Generally, periurban area
is demarcated by a buffering zone surrounding urban
centre but the extension of outer boundary may vary
according to the type of urban centre. Here,
periurban area of Delhi NCT has been defined by
15 km. buffer area from the outer boundary of NCT
region and covering all periurban centres like
Gurgaon, Faridabad, Ghaziabad and Goutam Buddha
Nagar. With a total area of 2618 km?, the periurban
area contains parts of Ghaziabad and Baghpat dis-
tricts of Uttar Pradesh and parts of Sonepat, Jhajjar,
Gurgaon and Faridabad districts of Hariyana. There
are nine districts under Delhi NCT and cover an area
of total 1483 km”.

Database and methodology

Database

The multi-temporal Landsat datasets of 1977, 2003
and 2014 were collected from three different sensors

of Landsat satellite series, i.e. Multi-spectral Scan-
ner (MSS), Enhanced Thematic Mapper plus (ETM+
), and Operational Land Imager (OLI) and Thermal
Infrared Sensor (TIRS) respectively (Table 1). Con-
sidering the seasonal phenological effects and avail-
ability of good quality images, the aforesaid years
were selected. The Landsat datasets have been pop-
ularly used by the urban researchers since its launch
in 1972 (Yuan et al. 2005; Lu et al. 2011a). Many
researchers have chosen this data over high-
resolution optical datasets for its better spectral res-
olution. Although high-resolution datasets are good
for micro level in depth studies, utility of these
datasets is limited by the high degree of spectral
variance within same land cover and shadow prob-
lems (Zhou et al. 2009; Lu et al. 2011b). Along with
satellite datasets, the study area was surveyed with a
Trimble GPS.

The long-term effects of rapid urban growth in
Delhi NCT and its periurban areas were analysed
using in situ climatic datasets from IMD as well as
satellite-based LST datasets. Long-term IMD dataset
of 37 years (1974-2011) was used in the study as per
the availability of data. Apart from this, satellite-
based temperature product (8 day composite LST of
June and December) of MODIS data (1 km spatial
resolution) was collected from https://daac.ornl.
gov/MODIS/ for the years 2003 and 2014. Four
LST images for each months June and December
were used for computing mean LST. Population
density plays an important role in urban growth,
and there is a close association between growth of
population and built-up areas. Here, population den-
sity datasets of each municipality ward of Delhi NCT
were collected for two census years, 2001 and 2011,
from the Census of India and compared with
satellite-derived mean temperature.

Methodology

The multi-temporal images of Landsat sensors were
calibrated and then corrected by using FLAASH atmo-
spheric correction model. After removing noises, the
corrected images were co-registered using the base im-
age of 2014. In order to extract different LULC classes,
the multi-temporal Landsat images (1977, 2003 and
2014) were classified using SVM classifier. It is a hybrid
classifier in which the vectors are separated through a
hyperplane in feature space. This algorithm has been
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Fig. 1 Study area

popularly used by several researchers for separating
LULC features in a robust manner (Guo et al. 2005;
Huang et al. 2007; Mountrakis et al. 2011; Nooni et al.
2014). Seven broad LULC classes, i.e. high-density and
low-density built-up, agricultural land, sparse vegeta-
tion, dense vegetation, wasteland and waterbody, were
identified and extracted by using SVM classifier. Accu-
racy of the classifier was assessed by the field based
ground truth information. The post classification change
detection method was applied for quantifying the chang-
es occurred in the areal coverage of each class. Except
this, the spatio-temporal pattern of LULC conversion
was mapped for analysing the land transformation
process.

The 8 day composite MODIS LST datasets were
georeferenced and rescaled using a scale factor value
(0.02). Further, the unit of temperature was
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converted into degree Celsius and the images were
classified as per the level of temperature. In order to
assess the impact of urbanization on land surface
temperature, the abundance of impervious surface
was estimated through linear spectral unmixing
(LSU) technique. The endmembers used in the mod-
el were extracted through minimum noise fraction
(MNF) and pixel purity index (PPI). MNF trans-
forms the raw image and separates the bands into
two subspaces, signal and noise (Uhrin and
Townsend 2016). The first three MNF components
with high signal quality were used as input in PPI.
Finally, the endmembers were extracted from the PPI
image and used as input in LSU model. The resulted
fractional images of impervious surface of 2003 and
2014 were used in the study and compared with
MODIS-LST datasets.
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Table 1 Characteristics of the Landsat archive, NASA, MSS, TM, and OLI/TIRS sensors

Sensors Spectral bands (pm) Spatial resolution Spectral region Time of acquisition
(m)
Landsat-MSS Band 1: 0.50-0.60 60 Green 1977, February
Band 2: 0.60-0.70 Red
Band 3: 0.70-0.80 Reflected IR
Band 4: 0.80-1.11
Landsat-TM Band 1: 0.45-0.52 30 VNIR 2003, February
Band 2: 0.53-0.60
Band 3: 0.63-0.69
Band 4: 0.75-0.90
Band 5: 1.55-1.75 SWIR
Band 6: 1.04-12.5 120 TIR
Band 7: 2.09-2.35 30 SWIR
Landsat- OLI Band 1: 0.45-0.52 30 Visible 2014, February
Band 2: 0.52-0.60 Visible
Band 3: 0.63-0.69 Visible

Band 4: 0.77-0.90

Band 5: 1.55-1.75

Band 6: 10.40-12.50

Band 7: 2.09-2.35 60 (30)
Band 8: 0.52-0.90 15

Near-infrared
Near-infrared
Thermal

Mid-infrared

Panchromatic

Results and discussions
LULC extracted from multi-temporal images

The LULC information extracted by SVM-supervised
classifier has been used to analyse the spatial distribu-
tion of different LULC classes. The proportional distri-
bution of different LULC classes reveals that percentage
of high density built-up areas was distinctly low in 1977
(Table 2). More than 50% of the total area was under
agricultural land. It indicates the involvement of people
in agricultural activities and dominance of agro-based
economy. The second dominant land cover, sparse veg-
etation, occupied one-fourth of the total area. This is
mainly evident over the Delhi ridges. The pattern of
urban landscape has undergone significant change in
2003 mainly due to growth of low density built-up
areas. As a result, this class was ranked second highest
from 2003 onwards. It was estimated from the classified
images that both high and low density built-up areas
have experienced remarkable increase during the period,
1977-2014. Estimated areas under agriculture, sparse
vegetation and wasteland reveal a decreasing trend.
Significant decrease in the areas under those classes

certainly indicates transformation of lands into other
LULC classes. Overall classification accuracy and kap-
pa statistics of the classified images were found > 0.86
and > 0.84, proving a good agreement between LULC
extracted from SVM classification and ground truths.

Spatio-temporal change detection (1977-2003)

In order to assess the contribution of different LULC in
the spatio-temporal growth of built-up areas, the propor-
tions of converted area were estimated for each LULC
classes (Fig. 2a, b). The quantitative analysis shows that
only 4% and 16.8% of the total area (including both
NCT and periurban region) were under high and low
density built-up classes in 2003. The area under high
density built-up class experienced more than six times
increase during 1977-2003, whereas the low density
built-up areas increased about three times during that
period. The change detection analysis reveals that most of
the areas under high density built-up class was converted
from low density built-up and sparse vegetation class
which together accounts for more than 50% of newly
grown high density built-up area. On the other hand, low
density built-up area has expanded mainly due to
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Table 2 Spatial statistics of LULC in 1977, 2003 and 2014

Land use and land cover classes 1977 2003 2014
Area in km? Percentage Area in km? Percentage Area in km? Percentage

High density built-up 25.45 0.62 162.43 3.97 636.22 15.53
Low density built-up 235.67 5.75 688.02 16.80 839.48 20.50
Dense vegetation 198.48 4.85 253.44 6.19 266.16 6.50
Agricultural land 2048.72 50.02 2001.26 48.86 1598.22 39.02
Sparse vegetation 1069.88 26.12 636.19 15.53 412.42 10.07
Waterbody 51.75 1.26 43.22 1.06 43.51 1.06
Wasteland 465.95 11.38 311.33 7.60 299.88 7.32
Total 4095.90 100.00 4095.90 100.00 4095.90 100.00

transformation of sparse vegetation and agricultural land.
It is also noteworthy that about one-third of total low
density built-up area remained unchanged during the
period 1977-2003. As a whole, this area experienced a
transition from agro-based rural area to an urbanized area.
The spatial pattern of contributors to net change of built-
up land shows that vast area under agricultural land was
converted into low density built-up land along
the western boundary of the city (Fig. 4a). This type of
conversion is also evident in south western part, near
Gurgaon. Except this, the map also indicates huge con-
version of sparse vegetation along the outskirt of the core

city.
Spatio-temporal change detection (2003-2014)
The spatio-temporal growth of high and low density

built-up areas and conversion of different LULC were
analysed through estimating the percentage of each class

@) (b)
0.6%
16.8%
15%
4.0%

0.3%

79.2% 0.5,}: 79.2%
0.8%
0.1%
0.3%

Legend

[ Other land use and land cover classes
[ High Density Built-up

converted into built-up land (Fig. 3a, b). The study
shows that about 15.5% and 20.5% of the total area
(including NCT and peri-urban) were under high and
low density built-up class. It was estimated from the
spatio-temporal change detection study (2003-2014)
that more than half of the total high-density built-up
area was come up due to conversion of low density
built-up area (Fig. 3a). The area under low density
built-up land (20.5%) was mainly contributed from the
conversion of agricultural land (Fig. 3b), wasteland and
sparse and densely vegetated land. It can be observed
(Fig. 4b) that a large portion of area in central Delhi
(shown by orange patches) has been converted from low
density to high density built-up during the period, 2003—
2014.

The study also depicts that conversion of agricultural
land into low density built-up (shown by yellow
patches) was occurred mainly in the south-eastern and
eastern part of the periurban area. Apart from this,

Conversion from LULC :

A . L_] Low Density Built-up
: .o L] Dense Vegetation
[ Agricultural Land
. [ Sparse Vegetation
01% I Waterbody

] Wasteland

16.8% 4.3%

[ Low Density Built-up
1 No Change

Fig. 2 Proportion of contributors in net increase of high density (a) and low density (b) built-up areas during 1977-2003
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Fig. 3 Proportion of contributors in net increase of high density (a) and low density (b) built-up areas during 20032014

numerous small pockets of low density built-up land
evident in the northeastern and northwestern part of
periurban area were come up due to conversion of
sparsely vegetated areas.

Spatio-temporal change detection (1977-2014)
The change detection analysis for the period as a
whole (1977-2014) reveals that growth of high den-

sity built-up land was high in Delhi NCT whereas
the growth of low density built-up was high in the

(b)

Sonepat Soneﬁat

Faridabad
5d
o

Legend

- Low density to high density built-up

periurban areas (Fig. 4c). It was estimated that area
under high density built-up was increased about
26.79% within Delhi NCT, but it was only 8.19%
in the periurban areas (Table 3). The periurban area
of NCT experienced a massive growth of low den-
sity built-up land (18.56%) as compared to NCT
(7.99%). Densely vegetated lands have experienced
positive increase in both areas which indicates
aforestation and development of parks and city for-
ests in the area. The positive growth in built-up and
densely vegetated land was paid by the conversion

Baghpat

. Ghaziabad

0 5 10 20 Km.

- Dense vegetation to low density built-up
[ Agricultural land to low density built-up

|:| Dense vegetation to high density built-up |:| Sparse vegetation to low density built-up
I:l Agricultural land to high density built-up - Wasteland to low density built-up
[] sparse vegetation to high density built-up - Waterbody to low density built-up

|:| Wasteland to high density built-up
[T waterbody to high density built-up

|:| No change

|:| Other LULC classes

Fig. 4 Spatio-temporal pattern of land transformation during 1977-2003 (a), 2003—2014 (b) and 1977-2014 (c)
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Table 3 Change statistics of LULC classes in Delhi NCT and its periurban area

LULC classes Spatio-temporal change (%)

Delhi NCT Periurban areas

1977-2003 20032014 19772014 1977-2003 20032014 19772014
High density built-up 7.16 19.63 26.79 1.19 7.01 8.19
Low density built-up 14.5 -6.51 7.99 9.09 9.47 18.56
Dense vegetation 1.31 1.7 3.01 1.36 -0.48 0.88
Agricultural land —6.81 —4.46 —-11.27 2.04 —12.88 —10.84
Sparse vegetation -12.2 -84 —20.6 —9.68 -3.8 —13.48
Waterbody -0.44 -0.07 -0.51 -0.08 -0.05 -0.02
Wasteland -3.52 -1.89 -541 -3.92 0.68 -3.29

of areas under agricultural land, sparsely vegetated
land, water bodies and wasteland.

It can be observed from the Fig. Sa, b that the propor-
tion of high-density built-up land (15.5%) of the whole
study area (2014) was mainly resulted from conversion of
lands under sparse vegetation (4.4%), low density built-
up (4.2%) and cultivation (3.5%). Only 0.6% of the total
area was under high density built-up land which remained
unchanged during 1977-2014. It was also found that area
under low density built-up land (20.5%) was contributed
from the conversion of areas under agriculture (9.3%),
sparse vegetation (5.8%) and wasteland (2.5%).

The study depicts that the process of conversion of
land within Delhi NCT and its peri-urban areas follows a
distinct spatial pattern with three major zones of conver-
sion (Fig. 4a—c). It can be seen that the process of con-
version in the central part of the city is mainly confined
by transformation of low density built-up land into high
density built-up land. It is also noteworthy that the core of
city remained unchanged as this areca was already

@ (b
20.5% 0.6%
4.2%

13%
15.5% 3.5%

64.0%
4.4%

0.1%
1.4%

Legend
[[] Other land use and land cover classes
] High Density Built-up

developed during 1977. However, some patches like the
central ridge forest adjacent to the core city remained
unchanged during the last 37 years. Surrounding this
area, there is another zone of conversion identifiable in
the map which indicates the conversion of sparsely veg-
etated area into built-up land (Fig. 4c). It was found from
the change detection study that these unprotected areas
were converted into fully developed built-up land during
the last decades. The third zone of conversion depicted in
the map by yellow colour denotes conversion of agricul-
tural land into built-up areas. With the increasing pressure
of population on land, a city grows vertically and hori-
zontally. The horizontal growth of city takes place by
spatio-temporal changes of surrounding areas of core city
which involve transformation of LULC features into
built-up land. In order to meet the demand for land, the
agricultural lands surrounding the existing built-up areas
of Delhi were altered for development of housing pro-
jects. The transformation of agricultural land is evident
extensively in Gurgaon, Faridabad and towards the

Conversion from LULC :
1s% || Low Density Built-up
[ Dense Vegetation
[ Agricultural Land
sg |1 Sparse Vegetation
o1% [ Waterbody

[ Wasteland

[ Low Density Built-up
[ No Change

Fig. 5 Proportion of contributors in net increase of high density (a) and low density (b) built-up areas during 1977-2014
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western part of the city. It is worthy to mention that the
process of LULC conversion over time followed a dis-
tinct pattern. The urbanization in Fig. 6 a and b shows the
spatial pattern of urbanization in and around Delhi during
1977-2014. 1t was found that high density built-up areas
were mainly confined in the central-eastern part of Delhi
NCT along the western part of Yamuna Riverin 1977
(Fig. 6a). Areas of low density built-up land were located
surrounding the core city (Fig. 6b). During 1977-2003,
these built-up areas expanded towards the outer direction
and the areas under agriculture, sparse vegetation and
wasteland were altered gradually as a consequence of
rapid urbanization.

It can be observed that there was a massive growth of
built-up areas in Dwarka and Gurgaon, located in south-
western part of the study area. Apart from this, patches
of newly developed built-up land can be observed in the
eastern part of the periurban area.

Spatio-temporal pattern of MODIS-LST

The LST maps of January show that there has been a
significant change in the spatial pattern of temperature
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from 2003 to 2014 (Fig. 7a). The areas under >9 °C
temperature were mainly confined in the central part of
the city in 2003 which has been visibly expanded in
2014. Beside this, the areas under <5 °C covering
mainly the periurban districts have been squeezed in
this 11 years time span. The spatio-temporal pattern of
temperature of June found coherent with such pattern.
The LST map of June 2014 (Fig. 7b) shows increasing
temperature in the periurban centres like Gurgaon,
Noida and Faridabad. High temperature in the western
part (Jhajjar district) does not represent the impervious
land. Rather, these areas are agricultural land and high
temperature can be explained by seasonal fallow lands
present in the month of June. It is noteworthy that areas
under relatively high temperature resembles with the
pattern of impervious surface of the area. On the other
hand, the areas with relatively low temperature mainly
represent the vegetated lands. The contrasting tempera-
ture in the built-up areas and pervious lands of periurban
districts definitely indicates the effect of urban heat
island.

Urban growth and associated LULC change have an
important role in controlling micro-climate of the study
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Fig. 7 Spatio-temporal pattern of LST (2003, 2014) in January (a) and June (b)

area. The increasing summer temperature is actually
caused by the increasing built-up surface and industrial
growth which exaggerated the green house effect. The
combustion of fossil fuels has been increased with the
rising population pressure, and it has a major contribu-
tion in the increasing amount of green house gases in the
area. The increasing temperature in both summer and
winter months clearly indicates the UHI effects.

@ Springer

Trend in mean annual temperature (1974-2011)

In order to study the trend of temperature in Delhi NCT,
the long-term mean maximum and minimum tempera-
tures of June (Fig. 8a, b) were analysed. Although
having several fluctuations in the temporal profile, it
reflects an upward rise in both mean minimum and
maximum temperature. The ranges of mean maximum
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and minimum temperatures of the month were found 2003-2014. The expansion of urban areas was found
32.5 to0 39.6 °C and 24.8 to 30.5 °C respectively. It is closely related to the conversion of LULC. The major
worthy to mention that average maximum temperature cause behind such growth attributed to the increasing
of June was highest in the years 1987 and 2002 which population density especially in the periurban centres. It
were drought years with very low rainfall. was revealed that increasing population in Delhi and
NCR is not resulted from natural increase, but there is
Inter-relationship between LST, population density a significant role of migration in the increasing trend of
and urban growth population that plays a vital role in the expansion of

built-up areas. The demand for shelter fuels the growth
The present study clearly shows that Delhi NCT and its of residential apartments, individual houses and infra-

periurban areas experienced rapid urban growth during structure like concrete roads which cumulatively play a
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Fig. 10 Correlation between
mean LST and ISF in 2003 (a)
and 2014 (b)

Impervious surface (%)

key role in controlling the micro-climate of the whole
area.

In order to identify the role of built-up surface on
micro-climate, the relationship between ISF and LST
was analysed (Fig. 9a, b). The results shows a good
agreement between micro-climate and impervious sur-
face of the area. It is worthy to mention that the number
of spatial units in 2014 has been increased due to for-
mation of new municipal wards. The pattern of imper-
vious surface percentage shows remarkable increase
during the period. In most of the areas, the percentage
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of ISF was less than 60% in 2003 but it was compara-
tively higher in 2014. In tune with the changing pattern
of ISF, the study reveals that mean LST of June 2003
was relatively lower than 2014 in all spatial units. Mean
LST of 2003 was less than 28 °C in all wards/spatial
units of the study area. However, there was a significant
increase as mean LST of most of the areas were found
more than 28 °C in 2014. The correlation coefficient
proves a good agreement between them both in the years
2003 and 2014 (Fig. 10a, b). The significant inter-
relationship between these two variables indicates that
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with the increasing impervious surface cover of Delhi
and surroundings, LST of the area has followed an
upward trend.

In order to identify the role of population density in
increasing micro-climate, it was compared with mean
LST of municipality wards and periurban districts
(Fig. 11a, b). The study shows a close association be-
tween population density and LST. Actually, population
density has an indirect impact on LST. It is noteworthy
that areas with high population density are characterized
by abundant impervious surface which plays a vital role
in controlling micro-climate. Apart from built-up sur-
face, population density is also inter-linked with the
number of vehicles that has a significant impact on air
quality and temperature. So, the areas with high popu-
lation density are characterized by high LST and vice-
versa. Good agreement of LST with ISF and population
density proves the effect of urbanization on its micro-
climate. The changing pattern of LULC specifically the
increasing impervious lands in Delhi and its periurban
centre is causing alteration in durinal temperature and
fuelling the heat island effects.

Conclusions

This study deals with the spatio-temporal pattern of
LULC dynamics and urban growth through post classi-
fication change detection technique. It reveals that the
area experienced significant change especially during
2003-2014. The percentage of high density built-up
area was increased about five times, from 0.62 to
3.67% during 1977-2003, whereas it took only 11 years
(2003-2014) to grow high density built-up area from
3.67 to 15.5%. It was found that high density built-up
areas mainly increased in the NCT region through the
conversion of low density built-up and agricultural
lands. The periurban districts experienced growth in
low density built-up area mainly at the cost of agricul-
tural lands. It is noteworthy that inspite of remarkable
urban growth in both NCT and its periurban districts, the
vegetated areas, i.e. reserve forests, parks and other
greeneries, have not been affected much during the
period (Rahman et al. 2012; Dutta and Rahman 2017).
The accuracy of all LULC maps was in acceptable range
(overall accuracy > 0.86 and kappa > 0.84), proving the
robustness of support vector machine classifier. The
micro-climatic pattern of the area reveals good agree-
ment with the ISF and population density. It is also

significant that on an average, the mean LST of the
whole area remarkably increased during 2003-2014.
This increasing pattern of LST can be explained by the
growth of impervious area especially in the periurban
areas of Delhi NCT. One of the major fuelling factors
behind such large-scale change in the urban landscape
of Delhi is rural to urban migration. Although there are
many pulling factors of migration present in the urban
areas like Delhi, the regional imbalance in economic
growth and rural poverty in the neighbouring states
acted as a push factor in rural to urban migration. Since
the capital city offers a lot of job opportunities, it has
been a favourite destination for the unemployed as well
as landless people of surrounding districts. The poverty
led migration has a chain of consequences like un-
planned and scattered growth of settlements, increasing
number of slums, overexploitation of land and as a
whole decreasing quality of environment.
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