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 (Mw 2.6) Delhi earthquakes, Bansal et al.3 generated 
focal mechanism solutions based on the first motion 
and waveform modelling. Based on these solutions the  
authors suggested that these earthquakes involved 
normal faulting with a large strike–slip component. 
The focal mechanism of the Delhi earthquake of 25  
November 2007 (Mw 4.1) computed by Singh et al.4, 
shows strike–slip faulting with some normal compo-
nent similar to the above-mentioned two small events 
in the area. On the contrary, Shukla et al.6 reported 
thrust faulting with minor strike–slip component for 
small and regional earthquakes in and around Delhi. 
Since the focal mechanism reported by them is  
not well constrained, a comparison may not be appro-
priate.  

• The strong ground-motion histories recorded by the 
local array of accelerographs will be of immense help 
in developing hazard scenarios due to future earth-
quakes in the region. This is an important step in the 
preparation of specific modules for mitigating the risk 
due to such events. 

• Although there is general awareness of the seismic 
hazard that Delhi is exposed to, the current scientific 
knowledge and data need to be improved. 
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Increasing urban surface temperature due to change 
of natural surfaces is one of the growing environ-
mental problems in urban areas, especially in cities 
like Delhi. The present work is an attempt to assess 
the urban surface temperature in Delhi using remote 
sensing and GIS techniques. ASTER datasets of ther-
mal bands were used to assess the land surface  
temperature (LST) using temperature emissivity sepa-
ration technique. Ward-wise population density was 
calculated from the Census of India 2001 data to cor-
relate the population density with LST. The study 
shows that surface temperature changes with the  
increase in the impervious surface area, which is  
related to the increase in the population density. 
 
Keywords: Micro-climate thermal bands, population 
density, surface temperature, thermal bands. 
 
IN today’s world of globalization and industrialization, 
urban environmental studies have become an important 
area of research. Land surface temperature (LST) is a 
critical parameter in urban climatology1. Remote sensing 
satellite data have been utilized to assess urban land sur-
face thermal characteristics through mapping and assess-
ing surface temperature from thermal infrared images2. In 
the urbanization process (demographic pressure), removal 
of natural land-cover types and their replacement with 
common urban materials such as concrete, asphalt, stone, 
brick and metal has significant effect on the environment, 
including reduction in evapotranspiration, promotion of 
more rapid surface run-off, increased storage and transfer 
of heat that can be sensed, and deterioration of air and 
water quality. The result of this change can have signifi-
cant effects on local weather and climate3. Substantial 
amount of the variance of temperature rise in cities is  
explained as a function of population growth4. The holi-
stic impacts of land surface cover, water and vegetation 
discussed above have climatological and meteorological 
implications on the urban atmosphere at various scales 
and all of these factors are linked with population growth. 
There is little doubt that population growth impacts local 
climate5–12. Micro-climate change intensity [as change in 
urban heat island (UHI) intensity] tends to increase with 
increasing city size and/or population13–20, and as cities 
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grow, they increasingly contribute to climate change at 
scales beyond the local. For North American and Euro-
pean cities, Oke21 developed a regression model that  
successfully explained that 97% of the variability in UHI 
intensity is due to a single predictor variable – the popu-
lation size. An analysis of urban temperature changes in 
USA based on population showed a local increase of  
approximately 1°C per 100,000 people due to urbaniza-
tion22. The effects of urbanization on climate change have 
been analysed using meteorological and population data 
of urban and rural areas22 and measurements of LST  
using night-light satellite data23,24. The climate in and 
around cities and other built-up areas is altered due to 
changes in land-use/land-cover (LU/LC) and anthropo-
genic activities related to urbanization2. 
 In interpretation and analysis of thermal satellite  
images for temperature distribution over complex areas, 
one looks for patterns of relative temperature differences, 
rather than the absolute values. This is because many 
complex factors make quantitative determinations diffi-
cult, such as number and distribution of different material 
classes in an instantaneous field of view (IFOV). Spectral 
thermal response is dependent on composition, density 
and texture of the materials; vegetation canopy character-
istics, including height, leaf geometry and plant shape 
and near-surface (1–3 m) air temperature; relative humid-
ity and wind effects25. This thermal behaviour of urban 
surfaces over a certain period of time would yield a good 
database for urban planners and architects for improving 
city site quality by making it more eco-friendly. This 
would be particularly beneficial to India and some other 
countries with tropical to subtropical climate. 
 Metropolitan areas like Delhi are the main engines of 
urban growth in India26. Rapid and haphazard urban 
growth and accompanying population pressures, result in 
changes in urban LU/LC; loss of productive agricultural 
land and open green spaces; loss of surface water bodies; 
depletion of groundwater; micro-climate change and air, 
water and noise pollution27. Delhi has witnessed a pheno-
menal population growth during the past few decades. 
According to the Census of India 2001 figures, Delhi’s 
population was only 0.4 million in 1901; it increased to 
13.8 million in 2001 and to 16.75 million in 2011. The 
process of urbanization in Delhi in terms of net growth of 
population has been faster in the recent decade (20.96% 
during 2001–2011). This coupled with changes in eco-
nomic activities has resulted in changes in the socio-
economic structure of the population and also changes in 
the urban environment, including LST. In this study the 
night-time ASTER thermal bands have been processed to 
obtain LST to study the UHI effect associated with popu-
lation density in Delhi Metropolitan City. The data used 
in this study are as follows: 
 

• ASTER satellite data of 7 October 2001 (night-time), 
path/row – 13/204, five thermal bands, i.e. 10–14 
(8.125–11.65 μm), 90 m spatial resolution. 

• Ward-wise boundary map of Delhi as a geodatabase. 
• Ward-wise population data for Delhi according to the 

Census of India 2001. 
 
Delhi is situated between 28°23′17″–28°53′00″N lat. and 
76°50′24″–77°20′37″E long. It lies at an altitude between 
213 and 305 m amsl and covers an area of 1483 sq. km. It 
is situated mainly on the west bank of the River  
Yamuna. The city is bordered in the east by Uttar Pradesh 
and in the north, west and south by Haryana. The climate 
of Delhi is influenced by its remote inland position and 
prevalence of air of continental character, which is charac-
terized by extreme summer heat in June (48°C), alternat-
ing with severe winter cold in December (3°C). Rainfall 
is recorded mainly during the monsoon months of July–
September. 
 Population density was calculated from the Census of 
India 2001 data and it has been divided into five classes, 
from very low to very high density. Figure 1 and Table 1 
show that only two wards in the oldest part of Delhi, 
namely ward 19 (Darya Ganj) and ward 107 (Bazar Sita-
ram) have very high population density (90,001–
225,993). The high-density wards are mainly in the east-
ern and central parts of Delhi, whereas the very low 
population density wards are in the suburbs of the city, 
located in the northern, southern and western part of 
 
 

 
 

Figure 1. Population density of Delhi in 2001. 
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Table 1. Ward-wise population density of Delhi (2001) 

Population density Range Ward number 
 

Very low  800–10,000 50, 37, 102, 58, 55, 53, 101, 1000, 10003, 104, 10005, 44, 56, 10004,  
    38, 10001, 49, 127, 36, 10009, 48, 2, 57, 65, 114, 116 and 67 

Low  10,001–30,000 12, 59, 14, 94, 115, 71, 63, 34, 7, 60, 4, 30, 10006, 79, 100, 13, 129,  
    106, 80, 66, 8, 5, 16, 15, 9, 118, 91, 97, 27, 19, 64, 123, 18, 1, 10007,  
    103, 33, 32, 54, 10008, 26, 119, 68, 69, 82, 17, 51, 23, 74, 117, 99, 11,  
    10002, 87, 133, 35, 124, 10 and 73 

Medium  30,001–60,000 31, 43, 83, 46, 22, 72, 47, 125, 25, 20, 6, 110, 3, 126, 28, 70, 40, 122,  
    29, 120, 77, 41, 128, 42, 39, 86, 105, 132, 113, 52, 90, 75, 24, 45,  
    85, 96, 111, 121, 21, 62, 88 and 131 

High  60,001–90,000 134, 95, 78, 130, 76, 84, 89, 98, 93, 92, 112, 108, 81 and 61 

Very high  90,001–25,993 109 and 107 

 
 
Delhi. These latter areas were formerly agricultural lands 
and are still being converted into residential land. There-
fore, these wards have less population density. 
 In this study, an attempt has also been made to measure 
the surface emissivity using the emissivity box28. All  
the measurements of temperature were done using 
TELATEMP infrared radiometer which operates in the 8–
14 μm waveband with an IFOV of 2°C and accuracy of 
0.1°C. The measurements were made during 4–6 October 
2005 at various places taking different features of interest 
on all sunny days at different hours of the day. This is 
achieved in the field by exposing the hot lid to direct  
solar radiation for 15 min so that thermal equilibrium can 
be attained. To reduce the effect of noise in the final  
result, the value is taken after averaging over 10–15 suc-
cessive measurements. The emissivity values presented 
here are the results of in situ measurements in and around 
Delhi. The measurements could not be made on all the 
sample features in the area, but were only carried out 
over some selected (dominant) features representing that 
LU/LC class. The measurements were carried out on soil 
(for wasteland/bare soil), dense vegetation, sparse vegeta-
tion, agricultural crops and urban (concrete, asphalt roads 
and sandstone) segments. To determine the sample emis-
sivity, the hot lid temperature must be higher than the 
sample temperature (15–20°C) and remain constant dur-
ing the time necessary for making L1 and L2 measure-
ments. The emissivity measurement was rapidly made 
(within 2 min) in order that the temperature variation of 
the hot lid can be negligible when it is introduced in the 
box. The emissivity measurement was carried out during 
the middle of the sunny day when the stability of the sys-
tem is greater. The emissivity values measured for soil 
and vegetation by the box method using the radiometer 
are shown in Table 2. It can be seen that there is not 
much variation in emissivity values either throughout the 
day or between the clear days of the period. Hence, the 
average of the measurements can be taken as the values 
of the respective samples. The mean can be considered as 

a representative value that can be used in practice, 
whereas standard deviations show the variability in emis-
sivity values. The measured emissivity values were com-
pared with those measured by Owe and Griend29. 
 Gillespie et al.30 proposed a new temperature emissi-
vity separation (TES) technique for Terra ASTER data. 
TES attempts to compensate for reflected down-welling 
irradiance and estimates the absolute spectral emissivity. 
The additional constraint to overcome under-estimation 
comes from the regression of the minimum emissivity of 
spectral contrast (calculated from laboratory spectra), 
which is used to equalize the number of unknowns and 
measurements. ASTER has 14 spectral bands, out of 
which five thermal bands (10–14) operate between 8 and 
12 μm. In this study, using the TES algorithm five  
emissivity maps and one surface temperature map were 
produced. It not only estimates the temperature of homo-
geneous areas of known emissivity, such as water bodies, 
but also for heterogeneous areas of unknown emissivity. 
 Figure 2 shows the night-time surface temperature  
derived from ASTER data of 7 October 2001 at 22 : 35 h. 
(local time). 
 The study shows that the estimated surface temperature 
ranges from 23.90°C to 40.01°C (mean value, 31.40°C 
and standard deviation, 1.863). It has been observed that 
the central and eastern parts of the study area, i.e. 
Chandni Chowk, Mangolpuri, Uttam Nagar, Okhla Phase 
I, Shahdara, Lakshminagar, Mayapuri Industrial Area and 
Narela Industrial Area have maximum surface tempera-
ture (34°C–40°C). These areas dominated by commercial 
activities have low vegetation cover and high population 
density with impervious surface. The medium surface 
temperature (30°C–34°C) has been recorded in the suburbs 
where there are less built-up areas, e.g. Dhaula Kuan,  
Uttam Nagar, Pusa Institute, IGI Airport and Akbarpur. 
 Lower night-time surface temperatures (24°C–30°C) 
are seen in the north, north-west, south and towards the 
eastern part of River Yamuna. These areas have dense 
vegetation, fallow land and scrubs/bare soil, which
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Table 2. Field measurements of emissivity in the 8–14 μm bands for different samples 

  Sparse Dense Urban Agricultural  
Date Soil vegetation vegetation (concrete) cropland (Paddy) 
 

4 October 2005 0.923 ± 0.013 0.9560 ± 0.015 – 0.9156 ± 0.012 – 
5 October 2005 – –   0.9810 ± 0.006 – 0.9850 ± 0.013 
6 October 2005 – 0.9775 ± 0.016   0.9807 ± 0.012 0.9378 ± 0.014 – 
Mean 0.923 ± 0.013 0.9668 ± 0.015 0.9808 ± 0.09 0.9267 ± 0.013 0.9850 ± 0.013 

 
 

 
 

Figure 2. Night-time land surface temperature of Delhi derived from 
ASTER data of 7 October 2001. 
 
 
remain cooler during night-time compared to other areas 
where land has been developed for urban land use. It was 
also seen that the thermal gradient increases from built-up 
area (centre of Delhi) to non built-up area (north and 
south of Delhi). When compared with daytime surface 
temperature, it has been observed that over the water  
bodies, the highest surface temperature varies between 
36°C and 40°C in the northeast to southeast of the study 
area. This may be because water bodies cool slowly dur-
ing the night-time due to high thermal inertia, convection, 
wave action and turbulence. 
 A close examination of the night-time surface tempera-
ture map shows that there is a gradual thermal change 
from the Central Business District (CBD) into the  
suburbs of the city. The city centre has less vegetation 

and some hotspots can be seen over the built-up area ac-
counting for higher surface temperature than in the out-
skirts. 
 The surface temperature for 2001 was measured using 
satellite data and the field survey was conducted in 2005. 
In this situation it was assumed that surface features  
observed on the ground in 2005 were the same in 2001. 
Three natural surfaces in this dense vegetation such as 
tree cover, green grass and bare soil and two artificial 
surfaces (two different roofs inside the city where fixed 
points of measurement were assembled) were selected. 
Vegetation samples were measured for suites of plant  
materials such as green leaves. The average temperature 
in the area covered with vegetation was 29.7°C using 
field measurement and it was 31.02°C as derived from 
satellite imagery data. In contrast, on concrete urban sur-
face, field observation showed a temperature of 30.10°C 
and satellite imagery data yielded a temperature of 
31.46°C. The discrepancy between the values from the 
two methods of measurement of surface temperature is 
within the range ± 1.5°C. Despite this difference, it can 
be concluded that the temperature estimates by the two 
methods are roughly similar31. 
 A relationship has been drawn between night-time sur-
face temperature of 2001 and population density of 2001. 
Night-time surface temperature of Delhi in 2001 esti-
mated from thermal satellite data has been clubbed into 
three surface temperature groups, i.e. low, medium and 
high, whereas the ward-wise population density data of 
2001 taken from the Census of India have been classified 
into five groups from very low to very high (represented 
in the map by proportional solid circles). These two spa-
tial data layers were superposed using ArcGIS software 
(Figure 3). This has been done in order to study the role 
of population density as one of the major factors for  
increasing the surface temperature of the city. 
 Figure 3 shows high-surface temperature in the east, 
southeast and central parts of the city that correspond to 
densely built-up area. These densely built-up areas are 
mainly because of increased economic activity and the 
fast development of residential societies to provide hous-
ing to the increasing population. The increase in popula-
tion density in turn leads to higher surface temperature in 
these particular areas. Figure 3 clearly shows that the  
areas of high and very high population density also have 
high surface temperature. 
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Figure 3. Relationship between night-time surface temperature and 
population density in Delhi in 2001. 

 

 
 

Figure 4. Correlation between night-time surface temperature and 
population density. 
 
 
 Figure 4 shows the correlation between surface  
temperature and population density. A strong positive 
correlation between the two can be seen. The value of 
logarithmic regression (R2) is 0.748. The logarithmic  
regression equation between surface temperature and 
population density is Y = 1.059ln × Pop-density + 22.40. 
It means that with the increase in population density, sur-
face temperature also increases. Furthermore, it is possi-
ble to predict night-time surface temperature on the basis 
of known population density. 
 The substantial amount of variance of temperature rise 
in cities could be explained as a function of population 
growth. The growing cities showed the highest warming 
rates and square root of the population number as the 
most representative factors for the urban contribution to 

temperature change4. Oke21 used the empirical method to 
represent the relationship between urban–rural tempera-
tures as concentration on population. It is not easy to 
separate many contributors to the problem. However, one 
of the most noticeable and one that has proven to have an 
extremely strong correlation with the UHI phenomenon 
or urban surface temperature is the population density of 
major cities32. The present study demonstrates a close  
relationship between the population density, built-up area 
and surface temperature. The statistical analysis of night-
time surface temperature with population density indi-
cates that population growth tends to contribute to the ur-
ban surface temperature rise or UHI intensity and also to 
the micro-climate of Delhi. 
 In earlier times and even now, there are very few  
meteorological stations to record the surface temperature, 
and they may not be the true representative for the whole 
city. In such situations, LST derived from thermal satel-
lite data are useful to study the variation of surface tem-
perature over the entire city area that is an important 
parameter for micro-climate of urban areas. This study 
clearly shows spatial variation of LST over entire Delhi. 
By superposing the population density map of Delhi over 
the surface temperature map, it can be clearly seen that 
high population density is one of the main contributing 
factors for the high surface temperature, UHI intensity 
and also micro-climate of Delhi. To assess and address 
the issue of micro-climate and also to mitigate the impact 
of UHI on the city population, the outcome of such types 
of studies may be useful. 
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