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ABSTRACT 

There has been paucity of field campaigns in India in past few decades on the urban heat island intensities (UHI). Re- 
mote sensing observations provide useful information on urban heat island intensities and hotspots as supplement or 
proxy to in-situ surface based measurements. A case study has been undertaken to assess and compare the UHI and 
hotspots based on in-situ measurements and remote sensing observations as the later method can be used as a proxy in 
absence of in-situ measurements both spatially and temporally. Capital of India, megacity Delhi has grown by leaps and 
bounds during past 2 - 3 decades and strongly represents tropical climatic conditions where such studies and field cam- 
paigns are practically non-existent. Thus, a field campaign was undertaken during summer, 2008 named DELHI-I 
(Delhi Experiments to Learn Heat Island Intensity-I) in this megacity. Urban heat island effects were found to be most 
dominant in areas of dense built up infrastructure and at commercial centers. The heat island intensity (UHI) was ob- 
served to be higher in magnitude both during afternoon hours and night hours (maximum up to 8.3˚C) similar to some 
recent studies. The three high ranking urban heat island locations in the city are within commercial and/or densely 
populated areas. The results of this field campaign when compared with MODIS-Terra data of land surface temperature 
revealed that UHI hotspots are comparable only during nighttime. During daytime, similar comparison was less satis- 
factory. Further, available relationship of maximum UHI with population data is applied for the current measurements 
and discussed in the context of maximum UHI of various other countries.  
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1. Introduction 

An urban heat island is a metropolitan area which is sig- 
nificantly warmer than its surrounding areas [1]. The 
concept of urban heat island considers the air tempera- 
ture difference between a city centre and the surrounding 
area. It is defined as “closed isotherms indicating an area 
of the surface that is relatively warm; most commonly 
associated areas of human disturbance such as towns and 
cities” [2]. As population centers grow in size from vil- 
lage to town to city, they tend to have a corresponding 
increase in average temperature. This consequently in- 
creases building energy demand for air-conditioning in 
warmer countries like that of tropical regions. This in- 
crease in energy demand could result in not only addi- 
tional generation of anthropogenic heat but also further 
intensification of heat islands themselves [3]. Urban heat 
island intensity (UHI) estimations are therefore important 
in urban planning as well as emission reduction strategies. 
Studies have shown the emergence of urban heat island  

phenomenon in the past decade in many developing 
economies like Indonesia [4], Malaysia [5], Sri Lanka [6], 
Turkey [7], Oman [8], Chile [9], Mexico [10], Argentina 
[11], Nigeria [12], Ethiopia [13] and others. 

Changes in land use and land cover (LULC), due to in- 
creasing population and infrastructure pressures for rap- 
idly growing megacities, play an important role in the 
development of urban heat islands. A sharp rise in popu- 
lation was recorded in the last decade in Delhi when it 
reached from 9.42 million in 1991 to 13.78 million in 
2001 [14]. Such rapidly increasing population in megaci- 
ties is associated with somewhat similar growth rates in 
vehicular population, residential and commercial com- 
plexes, industries and other infrastructure resulting into 
significant changes in LULC and increase in anthropo- 
genic heat emissions. All these changes augur for gener- 
ating several UHI pockets and shift in dynamics of urban 
heat island phenomenon. Increasing temperature trends 
in past few decades have been observed for National 
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Capital Region Delhi [15]. While the increasing tem- 
peratures can be a direct consequence of global warming 
or may be a local phenomenon as a result of LULC 
changes and anthropogenic heat, they necessitate study 
of effect of heat island phenomenon that is expected to 
be greater in the mega-cities.  

Few studies have been undertaken in past to analyse 
the urban climate impact and pattern of heat islands in 
Delhi [16-18]. Varying heat island intensities from dif- 
ferent authors were studied and effects on mean mixing 
depths were estimated by Mohan [19]. There is lack of 
systematic studies conducted on urban heat island phe- 
nomenon in this megacity in past few decades that in- 
cludes both in-situ measurements as well as remote sens- 
ing data. Satellite data can provide useful information as 
a snapshot for a wider spatial domain and generally twice 
daily while in-situ measurements can feasibly cover a 
selected geographical domain with time resolution of the 
order of seconds to minutes throughout the day. With this 
background in consideration, the present study is an at- 
tempt at studying spatial temperature variation for sev- 
eral different types of land-use land-cover (LULC) for 
the assessment of urban heat island effect and compari- 
son of such in-situ ground measurements of this field 
campaign with those from remote sensing tools [20]. In 
addition analysis of the results vis-à-vis UHI observa- 
tions made for various cities of the world has also been 
undertaken.  

2. Description of the Field Campaign 

2.1. Study Area Network 

The national capital territory of Delhi was chosen as the 
study area. The entire area of 32 km × 32 km was divided 
into a grid of 16 cells of 8 km × 8 km. Each grid was 
allotted one or more micrometeorological stations for 
surface temperature measurements so as to get a repre- 
sentation of the terrains therein. In all, 30 sites were cho- 
sen throughout the city including 3 weather stations (WS) 
and 27 micrometeorological stations. Figure 1 shows the 
measurement sites on the map of Delhi. The micromete- 
orological stations were chosen so as to represent a wide 
variety of land use/land cover categories. Broadly the 
stations can be classified into urban built up areas, green 
areas, open areas and riverside areas.  

2.2. LULC Classification of the Study Area 

Stewart [21] and Stewart and Oke [22] noted that there is 
a lack of standard and homogenous system of classifica- 
tion for different urban settings because of the remark- 
able diversity of landscapes. 

Essentially, any LULC classification is based on built 
up area coverage, building density, green cover, and open  

 

Figure 1. Set up of micrometeorological stations across the 
study area. A 12 × 12 km sub domain with greater station 
density is shown in lower part of the grid network. Station 
locations are marked by  symbol with their station 
numbers (Base Map Source: Google Maps; NH: National 
Highway). 

area coverage. In the present study, classification is 
based on these features as observed for all micrometeo- 
rological stations sites and correlated with LULC classi- 
fication of the satellite imagery for the study area of 
Delhi [23,24]. The LULC of the study domain have been 
classified as:  

1) Urban Built-up Areas: It covers areas with signify-
cant infrastructure such as buildings for residential and 
commercial purposes. These areas have been sub-classi- 
fied into three categories based on density of the built up 
structures in the study domain that corroborates well with 
the LULC classification for Delhi based on satellite im- 
agery [23,24].  

a) Dense Canopy: These are highly built up areas 
(built up area > 80%) in the city with very few open 
spaces and narrow lanes. 1 - 2 storey residential or com- 
mercial structures, which are generally old, may be in- 
termixed with newer higher storey (up-to 5 storey) build- 
ings. These structures are attached at base or closeset. 
Built up structures in these areas are usually old and thus, 
when the new structures come up, they are not built in 
any planned manner thereby adding to the built-up clus- 
ters in these areas. 

b) Medium Dense Urban Canopy 1: These are well 
planned colonies with 3 - 4 story buildings and some 
higher multistory buildings, commercial areas and shop- 
ping malls etc. Built up fraction accounts for 65% - 80% 
of the total area. 
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c) Medium Dense Urban Canopy 2: These are well 
planned colonies with open spaces and parks. Built up 
area which is about 50% - 65% is mostly covered by 2 - 
3 story buildings, shopping centres, small markets and 
commercial areas etc.  

d) Less Dense Urban Canopy: These are the canopies 
with residential areas intersparsed with plenty of green 
areas and open spaces. Built up area is between 30% - 
50%.  

2) Green Areas: These areas include green coverage 
ranging from medium dense forests to cultivated lands 
and parks and gardens.  

a) Medium Dense Forests: Typical dense forests are 
non-existent in Delhi. However, the Delhi Ridge stretch 
is marked with dense lush vegetation and two such areas 
(Sanjay Van and Buddha Jayanti Park) have been chosen 
to represent this type of land cover in the present study.  

b) Parks and Gardens: These are cultivated green ar- 
eas characterized majorly by short grass and shrub vege-  

tation represented by District Park Hauz Khas.  
3) Open Areas: These areas are open lands with nei- 

ther any significant built up structures nor any type of 
extensive natural or cultivated green coverage.  

4) Riverside areas: The River Yamuna which flows 
through the city is expected to influence temperature in 
neighboring areas. Thus, two riverside areas (Sailing 
Club and Majnu ka Tila) were also chosen to analyze the 
river’s impact.  

Table 1 details out all the stations classified under the 
above given groups. 

2.3. Experiment Description 

Temperature (both dry and wet bulb) and humidity meas- 
uring instruments were fixed at all the 27 micrometeo- 
rological stations as shown in Figure 1. Air temperature 
and relative humidity level data was measured and re- 
corded by the wireless data logger units [T&D Corpora-  

Table 1. Classification of experiment sites (Station ID are given in square brackets). 

Classification Site 

1) Urban Built Up Areas  

a) Dense Canopy [30] Sitaram Bazar 
[14] Connaught Place (CP) 

b) Medium Dense Urban Canopy 1 [6] Dwarka 
[7] Bhikaji Cama 
[9] Lajpat Nagar 
[10] Noida 
[12] Janakpuri 
[15] CP (WS2) 
[16] Kaushambi 
[17] Rohini 
[18] Rohini (WS2) 
[19] Adarsh Nagar 
[20] Parmanand Hospital, Civil Lines 

c) Medium Dense Urban Canopy 2 [4] Neb Sarai 
[13] New Moti Nagar 
[24] Vasant Kunj 
[26] Chirag Delhi 
[29] Yusuf Sarai 

d) Less Dense Urban Canopy [1] Gurgaon 
[2] Indian Institute of Technology (IIT)-Delhi 
[3] IIT (WS1) 

e) Industrial Area [22] Loni 1 

2) Green Areas  

a) Medium Dense Forests [8] Buddha Jayanti Park (Interior) 
[25] Sanjay Van 

b) Parks and Gardens [28] Hauz Khas District Park 

3) Open Areas 
[5] Jawaharlal Nehru University (JNU) 
[23] Loni 2 
[27] Badarpur 

4) Riverside areas 
[11] Sailing Club, Jamia Nagar 
[21] Majnu Ka Tila 
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tion (Japan) Wireless Thermo Recorder Models: RTR-52 
and RTR-72]. The instruments comprised of thermister 
sensor for air temperature, polymer humidity sensor for 
relative humidity and were protected by naturally venti- 
lated radiation shields.  

The instruments had been calibrated prior to the ex- 
perimental phase by standardizing their readings with 
that of a standard psychrometer (Assmaan Psychrometer). 
The calibration process was carried out for a continuous 
stretch of 24 hours. Temperature correction coefficients 
were obtained by regression analysis of the measure- 
ments taken by the standard psychrometer and all the 
temperature data loggers used during the campaign and 
subsequently the measurements were corrected for the 
field campaign The instruments were installed at a height 
of about 1.5 m from the ground level facing the South 
direction such that the immediate surroundings at least 
upto 10 m from the instrument were open and not ob- 
structed by any tree or building. Measurements were 
taken at interval of 1 minute from 25 May 2008 (morn- 
ing)-28 May, 2008 (night extending into 29th May) and 
averaged on hourly basis for analysis. The micrometeo- 
rological stations at these 27 sites provided the tempera- 
tures to obtain pockets of UHI in the city. In addition, 3 
weather stations (Davis Wireless Vantage Pro2 Plus with 
Fan Aspirated Radiation Shield) installed at 15 m height 
on roof tops of the buildings gave information about 
various other meteorological parameters such as wind 
speed and direction, dry bulb temperature, atmospheric 
pressure, and solar radiation. Such experimental ground 
based measurements may not be sustained over a long 
time without infrastructural and security support. Hence 
the results of the in-situ measurements of the present 
study have also been compared with satellite data. 

3. Weather Conditions during the Field 
Campaign 

The experiment was carried out in the month of May 
2008 in Delhi which is a typical summer month. As per 
the Climate-Normals of Delhi [25] the average maximum 
temperature during the month of May is about 39.6˚C 
while the average minimum temperature is about 25.9˚C. 
During the present study, the minimum temperatures 
ranged from about 20˚C to 22˚C while the maximum 
temperatures ranged from 33˚C to 37˚C. The major wind 
directions were observed to be North-West, West and 
South-West. The wind speeds during the experimental 
days ranged up to 3.6 m/s. The maximum solar radiation 
observed was 936 W·m–2.  

4. Urban Heat Island Intensity (UHI) across 
Delhi 

With coming up of many satellite towns and city near the 

periphery of already established cities, definition of ur- 
ban and rural areas have varied with different regions. As 
per classical definition of UHI [26], it is the difference in 
ambient air surface temperature between the city centre 
and a nearby rural area. However, Delhi is surrounded by 
peripheral satellite towns. Thus, it is difficult to find a 
rural site in within or near Delhi, free from influence of 
urban canopies. Nonetheless, Delhi with its variable 
LULC also offers many undeveloped/vegetated zones 
which can substitute for a rural area. Hence, the green 
areas in the city which were observed to have lowest 
temperatures have been considered as rural/non-urban 
temperature.  

Stewart and Oke [22] noted that classifying field sites 
as conventionally “urban” or “rural” is especially diffi- 
cult in regions where both cities and countrysides are 
densely populated and land uses intensely mixed. How- 
ever, the core of the problem of urban heat island is that 
wherever high population and built up area exists, tem- 
peratures are higher and thus urban heat island effect is 
felt. Thus to estimate urban heat island intensity, a “ru- 
ral” site may not be required for a region which has 
mixed land use. In the present study, mostly the green 
areas (parks and medium dense forests) in the city were 
observed to have the lowest temperatures. These green 
areas have thus been considered as baseline to asses UHI 
at other stations. Urban heat island intensity (UHI) is 
calculated as difference between highest temperature and 
lowest temperature observed among all micrometeo- 
rological stations across the study area at a given time.  

These stations include all possible categories of LULC 
that may lead to both lowest (e.g., forest and other green 
areas, open areas and riverside) as well as highest tem- 
peratures (e.g., dense built up structures, commercial 
areas etc.).  

To study the distribution of UHI over the entire moni- 
toring network grid, UHI isopleths were constructed for 
all four days of the experimental phase for the specific 
(local) times of 0300, 0900, 1500 and 2100 hours. These 
hours were chosen based on approximate time of occur- 
rence of minimum and maximum temperatures at all the 
stations and transitory conditions between morning-af- 
ternoon and evening-night respectively. UHI at each sta- 
tion for a given hour was calculated as difference of the 
temperature at that station and the lowest observed tem- 
perature at that hour among all stations of the microme- 
teorological network. The UHI values of all stations were 
then used to generate spatial distribution of UHI contours. 
Thus, each station (as marked by station number in the 
figure) is represented by its individual UHI value and 
UHI isopleths have been constructed by spatially inter- 
polating the individual UHI values of 27 stations using 
Kriging technique across the study area of 32 × 32 km. 

able 2 summarizes the maximum heat island intensity  T   
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Table 2. Urban Heat Island Intensity (UHI) and meteorological conditions during specific observation hours. 

Wind Speed 
(m/s) 

Dominant Wind 
Direction 

S. No. Time 
Day of  

May 2008 
Max UHI 

(˚C) 
(Range at Three Weather Stations)

Pasquill 
Stability Class

Warm Pockets in Decreasing Order with the Names 
and Station ID of Their Central Location 

1. 26 4.1 Calm --- F 7-Bhikaji Cama > 30-Sitaram Bazar > 12-Janakpuri 

2. 27 4.2 Calm --- F 30-Sitaram Bazar > 7-Bhikaji Cama > 19-Adarsh 
Nagar 

3. 28 4.6 Calm - 0.6 WNW F 30-Sitaram Bazar > 12-Janakpuri 

4. 

3:00 am 

29 5.6 Calm --- F 30-Sitaram Bazar > 7-Bhikaji Cama > 19-Adarsh 
Nagar > 12-Janakpuri 

5. 25 4.6 Calm - 1.8 ESE A-B 10-Noida > 9-Lajpat Nagar > 17-Rohini > 14-C.P. 

6. 26 6.4 0.4 - 1.3 WNW, SE C 14-C.P. > 10-Noida > 27-Badarpur > 30-Sitaram Bazar 
> 26-Chirag Delhi 

7. 27 5.1 Calm - 0.8 WSW A-B 14-C.P. > 10-Noida 

8. 

9:00 am 

28 5.3 Calm --- A-B 14-C.P. > 10-Noida 

9. 25 6.3 Calm - 0.4 SE, W A-B 14-C.P. > 7-Bhikaji Cama > 23-Loni 2 > 
20-Permanand 

10. 26 3.8 0.5 - 1.3 ESE, SSW, SSE A 6-Dwarka > 21-Majnu Ka Tila > 7 Bhikaji Cama 

11. 27 7.6 0.5 - 1.5 WSW, SSW A 14-C.P. > 7-Bhikaji Cama 

12. 

3:00 pm 

28 6.7 Calm - 1.1 WNW A-B 14-C.P. > 23-Loni 2 > 6-Dwarka 

13. 25 2.8 0.5 - 1.8 NE, E, ENE F 6-Dwarka > 7-Bhikaji Cama > 30-Sitaram Bazar 

14. 26 5.1 Calm --- F 30-Sitaram Bazar > 7-Bhikaji Cama > 27-Badarpur 

15. 27 4.2 Calm - 1.4 N F 14-C.P. > 7-Bhikaji Cama 

16. 

9:00 pm 

28 8.3 Calm --- F 14-C.P. > 7-Bhikaji Cama > 27-Badarpur  

17. 
8:00 am  

(Pre rain) 
26 3.7 0.3 - 2.7 NNE, NE, SSW C 6-Dwarka > 10-Noida > 14-C.P. 

18. 
10:00 am  

(rain) 
26 2.2 0.9 - 3.8 NNW, NE, NW D 13-Moti Nagar > 30-Sitaram Bazar > 25-Sanjay Van 

19. 
12:00 pm  
(Post rain) 

26 2.5 0.5 - 2.7 NNE, SSW, ENE C 19-Adarsh Nagar > 6-Dwarka > 17-Rohini 

 
for all days along with corresponding meteorological 
parameters. Overall, UHI was observed to range from 
4.1˚C to 5.6˚C at 0300 hours, 4.6˚C to 6.4˚C at 0900 
hours, 3.8˚C to 7.6˚C at 1500 hours, and 2.8˚C to 8.3˚C 
at 2100 hours. Thus, daytime hours 1500, 0900 also 
showed significant UHI along with night hours (0300 
and 2100 hours). The trends of the current study are in 
conformity with some studies conducted in China [27] 
and Israel [28] where significant UHI is observed during 
day hours and evening-night transition. Further, signifi- 
cant daytime UHI has been observed in some other stud- 
ies such as in Hong Kong [29,30], London [31] and 
Salamanca, Spain [32]. The major UHI zones consist of 
commercial centers and densely populated residential 
areas such as Sitaram Bazar, Connaught Place (CP), 
Bhikaji Cama and Noida [33].  

Amongst all the days of the field campaign, May 28, 
2008 showed the maximum insolation, ambient air tem- 
perature and UHI and hence the UHI isopleths for this 
particular day is shown in Figures 2(a)-(d) at 3:00 am, 
3:00 pm, 9:00 am and 9:00 pm respectively and dis- 
cussed as a representative case.  

Lowest temperatures were always observed in green 
areas of Sanjay Van and Hauz Khas District Park. The 
other consistently cool region is around Buddha Jayanti 
Park. Prominent UHI pockets were Sitaram Bazar (sta- 
tion No. 30), Connaught Place (station No. 14) and Bhi- 
kaji Cama Place (station No. 7). The dense urban canopy 
of Sitaram Bazar and surrounding localities with major 
commercial complexes, densely populated residences 
and some of the busiest traffic intersections is the major 
ause behind building up of this heat island. The lower  c   
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Figure 2. Spatial distribution of UHI for 28 May 2008 for (a) 0300 hours; (b) 1500 hours; (c) 0900 hours; (d) 2100 hours. 

sky view factor in dense built up areas emitting less 
longwave radiation and trapping of heat at late night 
hours may result into higher temperatures in these areas. 
Connaught Place is a major commercial complex with 
shops as well as office premises. Bhikaji Cama is also a 
commercial complex with a major traffic intersection in 
the vicinity.  

5. Association of Urban Heat Islands with 
Meteorological Parameters 

Urban heat island intensity is closely related to the pre- 

vailing meteorological conditions. Table 2 shows range 
of wind speed and direction for all three weather stations, 
PG-stability class [34,35], urban heat island intensity and 
hotspots for each day of the experimental duration. Winds 
of speed up to 3.8 m·s–1 were prevalent during the ex- 
perimental phase, but the night hours were marked by 
dominantly calm conditions (less than 0.3 m·s–1). As seen 
in Table 2, in hours like 3:00 am and 9.00 pm, highest 
magnitudes of UHI are observed when calm conditions 
prevailed. In addition the heat island zones were ob- 
served in the zone encompassing the downwind direction. 
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For example, the major UHI spots lie in the zone of 
downwind direction during hours such as 9:00 pm on 25th 
May, 9:00 am on 26th May and 3:00 pm on 27th May.  

Incidentally, the campaign period also covered an epi- 
sode of rainfall thus facilitating a comparison between 
rainfall period and normal summer condition. The morn- 
ing hours of 26th May experienced rainfall for duration of 
roughly two hours from 9:00 am to 11:00 am. This time 
period was thus marked by zero incident direct solar ra- 
diation and on an average the wind speeds ranged up to 5 
m/s. Table 2 shows UHI magnitudes for 8:00 am, 10:00 
am and 12:00 pm respectively. These hours correspond 
to “before rainfall”, “during rainfall” and “after rainfall” 
hours respectively. The maximum heat island intensity 
decreases from 8:00 am (3.7˚C) to 10:00 am (2.2˚C) and 
again increases at 12:00 pm (2.5˚C) and later at 3:00 pm 
(3.8˚C). Thus contrast in UHI between rainfall period 
and rest of the period is evident where the UHI is 2.2˚C 
during rainfall against overall maximum of 8.3˚C.  

In the present study, significant magnitudes of UHI are 
observed at unstable daytime hours also. Buildings de- 
crease sky view factor and thus heat loss by building 
material due to radiation to cooler sky is contained. 
Though this phenomenon is prominent during night, it 
seems that for the present study the built up infrastructure 
plays greater role in trapping of heat and dominates over 
the convections in the atmosphere. Hence even though 
unstable and convective atmosphere during daytime is 
expected to facilitate temperature uniformity, the canopy 
structure of intense human activity with localized an- 
thropogenic heat emissions and varying land use land 
cover in urban areas dominates the convective mixing 
thereby resulting in high magnitudes of many pockets of 
urban heat island intensity even during day time. Com- 
mercial areas like CP (site No. 14) are influenced by heat 
emissions from anthropogenic activities especially in 
daytime. Thus even in unstable conditions in maximum 
temperature period, higher UHI magnitudes have been 
observed. This could be a reason for an unclear relation 
between stability and UHI magnitude.  

Absorption of solar radiation is the major factor of 
heat island formation in dense infrastructure area. Urban 
absorption of solar radiation is a function of many factors 
such as direct solar radiation, diffuse sky radiation, dif- 
fuse radiation reflected by buildings and streets, and the 
shortwave energy absorbed by urban structure [36]. Al- 
though all these variables have not been analysed in the 
present study, the daily maximum UHI has been found to 
increase with daily maximum solar radiation with the 
exception of 26 May which witnessed rainfall. For ex- 
ample, the maximum solar insolation on 25 and 26 May 
are 827 and 836 W·m–2 with maximum UHI of 6.1˚C and 
5.6˚C respectively against maximum solar insolation of 
851 and 878 W·m–2 on 27 and 28 May with maximum 

UHI of 7.8˚C and 8.3˚C respectively.  

6. Comparison with Remote Sensing Data 

The MODIS Terra spacecraft passes over the region of 
Delhi during 1000 hours and 1130 hours approximately 
during daytime and similarly from 2200 hours to 2330 
hours during nighttime (by local time). Thus, the average 
data of this time period in the present field campaign has 
been used for comparison with the satellite data.  

Figures 3(a) and (c) display nighttime and daytime 
UHI contours derived through land surface temperature 
obtained from MODIS-Terra data of the Monsoon Asia 
Integrated Regional Study (MAIRS) [20]. UHI contours 
based on in-situ measurements of the present campaign 
are display in Figures 3(b) and (d). It can be seen that 
many UHI hotspots of the present measurements have 
been captured well by satellite derived temperature fields 
especially during nighttime. The top UHI hotspots that 
are common in both MODIS contours and in-situ con- 
tours during nighttime are C.P. (14), Sitaram Bazar (30), 
Janakpuri (12), Bhikaji Cama (7) and Dwarka (6). Dur- 
ing daytime however, only top two hotspots are common 
which are Sitaram Bazar and C.P. There is a satisfactory 
comparison of in-situ and MODIS observations in the 
identification of hotspots especially during night time. 
Although present study measurements are those of air 
temperature (~1.5 m above ground level), LU/LC have 
been shown to have relationship with both surface and air 
temperature [37]. Comparison of absolute temperatures 
and UHI at actual experimental locations is given in 
terms of bar diagram in Figure 4.  

Night temperatures are correlated well with MODIS 
data in comparison to daytime temperatures. The magni- 
tude of difference between absolute temperatures of 
MODIS and DELHI-I datasets ranges from 0.01˚C to 
3.57˚C during nightime and from 1.8˚C to 7.9˚C during 
daytime. The difference in UHIs in both datasets ranges 
from 0.06˚C to 2.74˚C during night-time and from 
0.02˚C to 3.34˚C during daytime. The differences in the 
above two observations could be attributed to different 
heat capacities of land and air. Thus on relative basis, the 
UHI and temperatures at the measurement locations as 
estimated from both satellite and current field campaign 
are comparable for night-time. Voogt and Oke, [38] and 
Mirzaei and Haghighat [39] explain that temperature 
measured by satellite sensors only relates to the spatial 
patterns of upward thermal radiance received by the re- 
mote sensor. However, the UHI phenomenon is majorly 
impacted by turbulence and velocity activities which are 
quite dominant at a larger scale in daytime in comparison 
to nighttime. In the present study also, the comparison of 
in-situ measurements with satellite data during daytime is 
oorer than night-time possibly for these reasons. Though,  p   
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Figure 3. UHI contours for (a) present study nighttime; (b) MODIS-Terra nighttime; (c) present study daytime; (d) MODIS- 
Terra daytime. 

quantitative comparison with satellite data is beyond the 
scope of this study, this qualitative comparison has vali- 
dated the presence of temperature hotspots in the city.  

7. Comparison with Other Cities 

Table 3 lists some reported UHIs in major cities of the 
world based on field observations. Delhi, like Paris and 

London, is an inland city located at the bank of a river 
system. Although its population is lower than Tokyo and 
Beijing, the population density is higher than both these 
cities and similar to New York. With the exception of 
Beijing, all these cities belong to sub-tropical/temperate 
climate zone. However, climatologically Delhi is warmer 
han all these cities being quite close to tropical region.  t   
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Figure 4. Absolute temperatures (left) and urban heat island intensities (right) for individual stations from MODIS satellite 
and DELHI-I (in-situ) observations for nighttime (top) and daytime (bottom). 

Table 3. UHI of some major megacites of the world. 

City UHI Source Remarks 
Coastal/
Inland

River System Climate [40] Population 
Population 

Density 

New York 
Max: 5.4˚C 
Mean: ~3˚C 

Gaffin [41] 
UHI in summer 
2002 

Coastal Hudson 
Humid subtropical  
climate (Köppen Cfa) 

8,175,133  
(as in 2010) [46] 

10,630/km2 [46]

Paris 
Max: 6˚C  

Mean: 2.6˚C 
Sarkar and  
Ridder [42] 

12 Day  
experiment in 
June 2006 

Inland Seine 
Western European  
oceanic climate moderate 
wet (Köppen Cfb) 

2,211,297  
(as in 2008) [47] 

20,980/km2 [47]

London 8˚C - 9˚C GLA [43] 
MaxUHI in  
summer 2003 heat 
wave episode 

Inland Thames 
temperate oceanic  
climate (Köppen Cfb) 

7,825,200  
(as in 2010) [48] 

4978/km2 [48]

Beijing 7.9˚C 
Wang and  
Hu [44] 

Max UHI in July 
2002 

Inland
Yongding River,
Chaobai River

monsoon-influenced 
humid continental  
climate (Köppen Dwa) 

19,612,368  
(as in 2010) [49] 

1200/km2 [49]

Tokyo 
Max: 8.1˚C 
Mean: 5.3˚C 

Saitoh et al. 
[45] 

Nocturnal UHI in 
March 1992 

Coastal
Tama River, 

Sumida River
humid subtropical  
climate (Köppen Cfa) 

13,185,502  
(as in 2011) [50] 

6000/km2 [50]

Delhi 
Max: 8.3˚C 
Mean: 4.7˚C 

Present study - Inland Yamuna 
humid subtropical  
climate (Köppen Cwa) 

11,007,835  
(as in 2011) [51] 

11,297/km2 [51]

 
New York, Paris London and Tokyo don’t have a sig- 
nificant precipitation in a particular season. On the other 
hand, Delhi, like Beijing, has a monsoon influenced cli- 
mate and comparatively dry winters. Thus Delhi shares 
some similarities as well as dissimilarities with all these 
megacities. The heat island intensities stated against 
these cities in the Table 3 are from studies which were 
conducted using ground based measurements for a lim- 
ited period. These studies were conducted in different 
time periods. The mean UHI (4.7˚C) observed in the pre- 
sent study is higher than those observed in New York 
(3˚C reported in year 2002) and Paris (2.6˚C reported in 
year 2006). The maximum UHI (8.3˚C) observed in pre- 
sent measurements falls in the range of those reported in 

London (8˚C, year 2003), Beijing (7.9˚C, year 2002) and 
Tokyo (8.1˚C, year 1992). However, it is important to 
note that in terms of built up infrastructure; all these cit- 
ies are more urbanized than Delhi which is still develop- 
ing. 

Roth [52] analysed UHI and population of various 
continents and cities across the world. Population size 
and associated anthropogenic activities are expected to 
influence UHI. Based on observations, Oke [53] analysed 
relationship between UHImax and populations of various 
North American and European cities and deduced that 
under clear and calm conditions, urban heat island mag- 
nitude is proportional to the city population. Accordingly, 
the following relationships were proposed 1) for North 
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American cities and 2) European cities: 

ΔTu–r(max) = 2.96logP – 6.41 For North America (1) 

ΔTu–r(max) = 2.01logP – 4.06 For Europe    (2) 

Delhi, with a population of 13.8 million [14] yields 
ΔTu–r(max) as 14.7˚C and 10.2˚C following Equations (1) 
and (2) respectively. Thus, the observed ΔTu–r(max) for 
Delhi (8.3˚C) is significantly lower than the results based 
on North American and European cities. The constants 
and slopes of Equations 1 and 2 are functions of artificial 
energy flux densities, heat capacity of the urban fabric, 
and evapo-transpiration in cities and therefore may have 
wide variations for different climates and demography. 
Further, Roth [54] reviewed several urban heat island 
studies in (sub) tropical regions and observed that in 
these UHI-population relationships, population is used as 
a convenient and widely available surrogate for urban 
geometry which has a more important control on urban 
heat island intensity. Delhi is still a developing megacity 
with mixed LULC having many interspersed green areas. 
In addition it is likely to have lower anthropogenic heat 
fluxes than the developed economies. Hence, the equa- 
tions of Oke [53] yielded lower results than expected for 
Delhi.  

Although, urban heat island intensity is expected to be 
related to population, Oke [53] also says that after a cer- 
tain level, it is impossible to add more urban infrastruc- 
ture to the city. For example, beyond a certain level of 
urbanization creation of new structures often results in 
destruction of old ones rather than the takeover of al- 
ready scarce parkland. However for cities like Delhi, 
which are in phase of increasing urbanization, there is 
still scope of addition of more urban fabric. Built-up area 
of Delhi has witnessed an overall increment from 540.7 
km2 to 791.96 km2 or 16.86% of the total city area (1,490 
km2) during 1997 to 2008 which mainly came from waste 
land, scrub-land, sandy areas and water bodies [24]. Thus, 
with rising population and consequently increasing built 
up areas and associated anthropogenic activities, it is 
imperative to implement heat island mitigation strategies 
in the city in present time so that further intensification 
of heat island effect in the city can be prevented.  

8. Conclusions 

The main results and conclusions of the study are as fol- 
lows.  
• The urban heat island intensity in Delhi is found to be 

significantly high during summer days for both after- 
noon (3.8˚C to 7.6˚C at 3 PM) and night hours (2.8˚C 
to 8.3˚C at 9 PM) in comparison to early morning 
hours at the time of occurrence of minimum tem- 
perature (4.1˚C to 5.6˚C).  

• The 3 top ranking UHI locations amongst the entire 
measurement network in the city are commercial ar- 

eas namely CP, Sitaram Bazar and Bhikaji Cama 
Place. Other pockets with reasonably high UHI are 
residential or mixed use namely Noida, Dwarka, 
Janakpuri, Kaushambi, Adarsh Nagar etc.  

• The impact of meteorological parameters such as 
wind speed and direction as well as atmospheric sta- 
bility was observed on the intensity and location of 
the urban heat island hotspots.  

• Comparison of in-situ measurements with satellite 
data showed that major hotspots in the city are well 
captured during night-time and can be helpful in as- 
sessing the major hotspots for other sites and times 
when in-situ measurements are inadequately available. 
The comparison of in-situ measurements with satellite 
data during daytime is poorer than night-time.  

• Comparison with maximum and average UHI of other 
cities of the world revealed that UHI in Delhi is com- 
parable to other major cities of the world such as 
London, Tokyo and Beijing.  

• A relationship of maximum UHI and population 
showed that UHI in Delhi are lower than expected 
from the empirical relationships obtained for North- 
American and European cities with lower population 
than Delhi. Lower anthropogenic heat fluxes of Delhi 
due to a developing economy coupled with the cli- 
matic and demographic differences can be attributed 
for lower UHI in Delhi.  

• However, rising population and change in LULC and 
associated anthropogenic activities call for strategic 
mitigation measures in the city to prevent further 
strengthening of heat island effect.  
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