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Abstract: Large proportions of the Indian population live in megacities (e.g., Delhi, Mumbai and Kolkata), which are 
vibrant centers of economic opportunities and offering better quality of social life. Due to increasing migration to these 
cities, Indian megacities are constantly expanding, which subsequently leads to strain on the environment with a range 
of impacts at local, regional and global levels. During the last few decades the anthropogenic emissions of greenhouse 
gases (GHGs) and other air pollutants have increased substantially, resulting in worsening ambient air quality of these 
cities. With respect to time span the concern over air pollutants has also changed in Indian megacities. Concern over 
particulate matter, black carbon, NOx and ozone has heightened recently due to their local and regional impacts on air 
quality and environmental (including public) health and also because they contribute to global climate change. Although 
authorities have implemented several measures to reduce air pollution and its impacts in Indian megacities, much more 
is yet to be done to improve their ambient air quality. This paper focuses on major air pollution and GHGs emission 
issues in Indian megacities and associated problems within the framework of their role in environmental vulnerability. 
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1. Introduction 

he world is experiencing the biggest beckon of 
urban growth in the human history. Urban 
areas have emerged as centers of global efforts 

to curb climate change and improve the air quality. In 
2008, 50% of the world’s population was living in 
urban areas and this trend is likely to continue in the 
foreseeable future. As projected by United Nations, 
most of the world urban population growth between 
2000 and 2030 will be in urban areas of developing 
countries and by 2030, 60% of the developing coun-

tries population will live in urban centers[1].  
The striking offshoots of rapid and massive ur-

banisation are the megacities that emerged as a most 
visible physical sign of anthropogenic global change 
in the 20th century. In 1950, there were only two me-
gacities, New York and Tokyo, with 12.4 and 11.3 
million people respectively. By 2005, this number had 
increased to 20 and it is projected that there will be 22 
megacities in 2015. Developing countries will have 17 
of these 22 megacities in 2015[2]. Higher population 
and population densities, utmost development dynam-
ics, as well as extreme and multifaceted interaction of 

T 

mailto:anagpure@umn.edu�


Indian megacities as localities of environmental vulnerability from air quality perspective 

 

16 Journal of Smart Cities (2015)–Volume 1, Issue 1 

diverse demographic, social, political, economic and 
ecological processes are the general characteristics of 
these giant urban areas. Furthermore, exceedingly dy-
namic processes executing together in the same place 
and reinforcing themselves through mutual interaction 
and feedback make these urban centers more complex 
and vulnerable. In the case of Indian megacities, un-
controlled expansion, higher vehicular populations, 
harsh scarcity of supporting infrastructure, severe 
pollution load, intense emission of greenhouse gases 
(GHGs), and extreme socio-economic disparities are 
the common features. These megacities are prone to 
growing air pollution vulnerability because of pro-
nounced industrial and vehicle populations, solid 
waste generation, and power plant augmentation. In 
relationship with this, air pollution vulnerability can 
be defined as the condition in which people face ex-
posure towards a certain health risk due to increasing 
air pollution.  

The Indian megacities (Delhi, Mumbai and Kolkata) 
are the key centers of growing Indian economy. The 
last two decades are an onlooker of rapid increase in 
Indian urban population because of leading economic 
growth. According to the census of India[3], about 17% 
of the total Indian population was living in urban areas 
in 2001; this had increased to 31% by the year 2011[4]. 
The total number of inhabitants in the three Indian 
megacities is about 5% of the total national population 
(Figure 1). This trend of ongoing population explosion 
has placed a great strain on the environment and air 
quality of the megacities because of overburden on 
supporting infrastructures.  

 

 
 

Figure 1. Population trends in India and megacities. 
 

In view of the discussion above, it can be empha-
sized that air pollution is a serious and widespread 
problem in Indian megacities. Air quality of these ur-
ban areas is becoming poorer due to increasing vehi-
cular, industrial, power plant and dust emissions. All 

these in turn lead to adverse effects on the health of 
people. The World Health Organisation (WHO) air 
quality guidelines are regularly being exceeded in In-
dian megacities to a great extent. Thus, Indian megac-
ities are among the most polluted cities in the world 
and are paying heavily, both in terms of health and 
economic price for it[5]. 

2. Air Pollution in Megacities and Climate 
Change  

Megacities in India are extremely diverse, with a wide 
variation in the air pollution sources, vulnerable pop-
ulation, fuel mix, industrial cluster, critical pollutants, 
climate and demography. Megacities have experienced 
an intense demand for fossil fuels to support their in-
frastructures which in turn has led to increased air 
pollution and GHGs emissions. Air pollutants and 
GHGs emissions originating from Indian megacities 
are recognised as increasing sources of regional and 
global-scale pollution[6].  

Delhi was among the top five SO2-emitting megac-
ities of the world in the early 1990s. Thermal power 
plants and the transport sector were the prime culprits 
for it[7]. Garg et al.[7] estimated that emissions of SO2 
(in terms of per km2) decreased from 48 to 47 Mg 
between the years 1990 to 1995. In terms of sus-
pended particulate matter (SPM), Delhi ranked the 
fourth most polluted city in the world[8]. Gurjar et al.[9] 
and Reddy and Venkataraman[10] estimated that 15% 
of Delhi’s respirable suspended particulate matter 
(RSPM) emission results from automotive traffic. 
Gurjar et al.[9] estimated the emissions of CH4, CO, 
CO2, N2O, NH3, non-methane volatile organic com-
pounds (NMVOC), NOx, SO2 and total suspended par-
ticulate (TSP) from different sectors in megacity Delhi. 
They observed that emissions of most of the pollutants 
have increased during 1991 and 2000 in megacity 
Delhi. CO emissions increased from 361 Gg in 1990 
to 503 Gg in 2000 (39% increase). N2O and NH3 
emissions ranged from 1.4–1.7 and 10 Gg/year, re-
spectively, in Delhi. NMVOC emissions showed an 
increase of 55% with 148 Gg in 1990 to 229 Gg in 
1999. Similarly, SO2 emissions showed an in-
ter-annual variability, with values ranging between 90 
and 113 Gg whereas TSP emissions in Delhi increased 
from 131 Gg in 1990 to 150 Gg in 2000 (15%). With 
respect to GHGs emissions, Delhi lies among the top 
emitter districts of India[11]. Anthropogenic sources 
contribute about 26.52 Tg of CO2 in Delhi. According 
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to Gurjar et al.[9], CO2 emissions increased from 17 Tg 
in 1990 to 22 Tg in 2000 (increase by 30%). Power 
plants, transport and domestic fuel combustion were  
identified as significant emission sources. Similarly, 
CH4 emissions increased about 40% from 133 Gg in 
1990 to 192 Gg in 2000 in megacity Delhi. In the case 
of NOx, emissions increased from 94 Gg in 1990 to 
161 Gg in 2000. With respect to per capita emissions 
of GHGs and other pollutants, Delhi was the highest 
emitter during 1990 and 1995 (Figure 2). 

 

 
 

Figure 2. Per capita emissions of GHGs (CO2; CH4) and other 
air pollutants (NOx; HC; PM; BC; OC and CO) in Delhi, Kol-
kata and India[42]. 

 
Mumbai is the financial and commercial capital of 

India with only 1% of the country population. How-
ever, it produced 17% of Indian GDP and contributed 
25% of industrial output and 70% of capital transac-
tions to India’s economy in 2009[12]. Expansion of 
industries, increased foundry production and vehicular 
population has led to a severe air pollution problem in 
Mumbai. The World Bank suggests that in Mumbai, 
NOx emission is rapidly increasing due to the rising 
vehicular and industrial population. It was estimated 
that during the years 1992–1993, annual NOx emis-
sion was 37 Gg[13] where transport sector emerged as 
the major contributor. Garg et al.[7] stated in his study 
that the megacity Mumbai was the largest emitter 
(0.51 Tg) of CH4 in 1995. It contributed almost 2.7% 
of the total CH4 emitted in the country. Similarly, in 
the case of N2O emissions, Mumbai was among the 
top five districts of India. The National Environmental 
Engineering Research Institute[14] estimated that the 
annual anthropogenic particulate emission in Mumbai 
was 16.5 Gg/year and Bhanarkar et al.[15] revealed that 
during 2000, Mumbai had significantly high SO2 
emissions in comparison to other South Asian and 
Southeast Asian megacities, with the emissions ex-
ceeding 200 Gg SO2/year. Garg et al.[7] reported that 

among all the districts in India, Mumbai was the third 
largest emitter of SO2 in terms of emission per unit 
area with 71,395 and 67,356 Gg/year in the years 
1990 and 1995, respectively. 

In 2004, Kolkata was the second largest metropolis 
in South Asia and was considered as one of the 
worst-polluted cities of the world[16]. It has been expe-
riencing problems related to air pollution in all its se-
verity over the past decades[17,18]. The air pollution 
problem of Kolkata is more serious because of less 
availability of open space for diffusion of air pollu-
tants. About 2.4% of the Indian population was living 
in Delhi and Kolkata in 1990 while both cities contri-
buted about 5% of the total national CO2 emission in 
the same year. The CO2 emission increased to 5.2% in 
1995 and decreased to 4.7% in 2000 even though 
country level proportion of combined urban popula-
tion of Delhi and Kolkata increased to 2.7% and 2.9% 
in 1995 and 2000, respectively[19]. In the case of CH4 
emissions, these cities’ share was 2.5% of national 
emissions. Figure 2 shows the per capita emissions of 
GHGs and other pollutants in Delhi, Kolkata and India. 
It indicates that in 1990, the per capita emission of 
CH4 in Kolkata was higher than that in Delhi and In-
dia while the per capita emission of CO2 was highest 
in Delhi.  

The air quality monitoring data of the Central Pol-
lution Control Board (CPCB) indicates the real picture 
in Indian megacities (Figure 3). Between 1960 and 
1980, SO2 was considered the most critical pollu-
tant[20]. However, it is observed that SO2 concentration 
has been reduced in the recent years. Long-term data 
shows that SO2 is under control in all three megacities 
(Figure 3), below the National Ambient Air Quality 
Standards (NAAQS) value. Substantial growth in SO2 
concentration has been noticed during 1991–1993 and 
1995–1999 in Kolkata. Uncontrolled burning of coal 
and fossil fuels in industry and power plants might be 
held responsible for these trends in Kolkata. Signifi-
cant changes in the urban fuel matrix, like low-sulfur 
diesel and Compressed Natural Gas (CNG) for trans-
port sectors, the shift from biomass-based fuels to li-
quefied petroleum gas (LPG) and from coal to kero-
sene as a cooking fuel, have largely contributed in 
lowering SO2 levels in megacities[20]. Because of ef-
fective implementation of such policies to reduce SO2 
emissions it is no longer a pollutant of concern in In-
dian megacities.   

Conforming to the global trend, NOx is emerging as 
the new challenge for Indian megacities. Vehicular 
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emissions appear as significant source of NOx in In-
dian megacities[76–80]. It is a highly reactive gas and 
has greater adverse health impacts. NOx concentration 
trend shows a distinct rise after 2003 in Delhi and 
Mumbai and after 2005 in Kolkata (Figure 3). It ex-
ceeds the annual average standard at several occasions 
and locations. The high rise in ambient NOx concen-
tration has been noticed between 2000 and 2002 in 
Kolkata. Higher vehicular activities and uncontrolled 
fossil fuel burning in small-scale industries might be 
responsible for this growth in Kolkata. 

The suspended particulate matter (SPM) concentra-
tion is at persistently high levels in all three megaci-
ties. Figure 3 reveals that SPM levels are above the 
standards in all three megacities. Although various 
interventions have taken place to mitigate ambient 
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Figure 3. Trends of annual average concentration of (A) SO2, (B) 
NOx and (C) SPM in the Indian megacities Delhi, Mumbai and 
Kolkata. 

SPM levels, they have been dwarfed by emissions 
from constantly increasing vehicular population. The 
vehicles and windblown dust have been found as one of 
the major sources of SPM in megacities. 

3. Sources of Air Pollution and GHGs Emis-
sions in Indian Megacities 

Air pollution has become a serious problem in Indian 
megacities. It is not only changing the local climate 
and the environment but also negatively affecting the 
economy and public health. There are several sources 
of air pollution and GHGs emissions in Indian megac-
ities but they vary according to the infrastructure, so-
cial aspects and economy of each megacity. Never-
theless, the main sources of air pollution are power 
plants, industries, motor vehicles and domestic sou-
rces[21–24]. While industrial air pollution is localised, 
automobile sources and power sector have emerged as 
the most significant contributors to regional air pollu-
tion. As per the census of India, Delhi households 
(HHs) are having the highest two-wheeler ownership, 
which is about 39% HHs, followed by 17% HHs in 
Mumbai and 12% HHs in Kolkata. Similar trends 
have been observed for car ownership. About 21% of 
Delhi HHs owned cars while 13% of HHs in Mumbai 
and 9% of HHs in Kolkata owned cars[3]. According to 
Gurjar et al.[9], in Delhi thermal power plants were the 
major sources of SO2 and TSP from 1991 to 2000 
while the transport sector contributed most to NOx, 
CO and non-methane volatile organic compounds 
(NMVOC) emissions (80%). Furthermore, while CO2 
was largely emitted by power plants in the past (about 
60% in 1990 and 48% in 2000), the contribution by 
the transport sector significantly increased (27% in 
1990 and 39% in 2000). Furthermore, as per Gutti-
kunda et al.[25] estimations, the transport sector domi-
nates most of the direct and indirect emissions. Re-
suspension of road dust is a major contributor for par-
ticulate matter (PM), followed by power plants and 
vehicular emissions. Similarly, in the case of SO2, 
power plants and industries are the dominating 
sources while for NOx, CO and NMVOC, vehicular 
emissions are the major source (Figure 4). A study 
conducted by the government of Delhi[26] showed that 
CO2 emission from different sectors in Delhi was 
about 26 Tg during 2007–2008. Thermal power plants 
(TPPs) were the major point sources of CO2 emissions 
in Delhi. The total CO2 emission from these thermal 
plants in the year 2007–2008 was about 10 Tg (Figure 
4). Ramachandra and Shwetmala[27] stated in their  



Bhola R. Gurjar and Ajay S. Nagpure 

 

 Journal of Smart Cities (2015)–Volume 1, Issue 1 19 

  

 
 

Figure 4. Contribution of different sectors for emissions of PM10, SO2, NOx, CO, NMVOC and CO2 pollutants in megacity Delhi[37]. 

 
study that vehicle transport in Delhi had contributed 
about 221 Gg of CO2, 16 Mg of CH4 and 130 Mg of 
NOx in the area of one km2. According to a recent 
study conducted by the CPCB[28], the predominance of 
private vehicles, especially cars and two-wheelers, is 
causing high GHGs emissions in Delhi. The CPCB[28] 
did a source apportionment study for various pollu-
tants in megacity Mumbai. According to this study, 
particulate matter (PM) is mainly contributed from 
area sources (~37%) like bakeries, hotels, construction 
activities, etc. These area sources also contribute to ~69% 
and 68% of HC and CO concentration in the city. In-

dustries (point source) contribute up to ~94% of SO2, 
followed by a ~48% contribution to the total NOx and 
28% of PM. PM contributions are well distributed 
amongst vehicular, industries and road dust categories 
(~35%).  

Figure 5 shows a clear picture of the source appor-
tionment study of Mumbai. According to Guttikunda 
et al.[29] Kolkata was at the fourth position in terms of 
SO2 emission among South Asian megacities for the 
period from 1990 to 2000. From 1980 to 1997, indus-
tries and power plants were the main sources. Ac-
cording to the West Bengal Pollution Control Board  
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Figure 5. Contribution of different sectors for emissions of PM, CO, SO2, NOx, HC in megacity Mumbai[14] and RPM in Kolkata. 
 

(WBPCB)[30], the presence of high-level particulate 
matter in the ambient air is a major problem for the 
megacity Kolkata. The major sources of air pollution 
in Kolkata are industrial emissions and automobile 
emissions. Asian Development Bank (ADB)[31] esti-
mations suggest that for RPM (Respirable Particulate 
Matter), paved road dust is the major contributor in 
megacity Kolkata, followed by vehicles and open 

burning (Figure 5). ADB also suggests that in the case 
of NOx. vehicles (74%) are the major source of NOx, 
followed by industrial sources (26%). Ghose et al.[16] 
stated that approximately 70% of the total pollution 
load of the city is contributed by vehicles in Kolkata. 
Garg et al.[11] revealed in their study that in Delhi, 
Mumbai and Kolkata, large point source emissions 
contribute more than 50% to their individual CO2 
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emissions, more than 80% to methane emissions and 
more than 70% to SO2 emissions. 

Black Carbon Emissions and Sources in Indian 
Megacities  

Black carbon (BC) has been identified as a driver of 
important regional climatic impacts. It is directly ac-
countable for the lessening of incoming short-wave 
solar radiation at the Earth’s surface, and responsible 
for a rising atmospheric temperature[37–39]. Studies have 
identified Indian megacities as a very large source of 
BC emissions from contained combustion (such as 
combustion in engines, stoves, and kilns). BC emis-
sions from megacities are also a major contributor to 
several large regional masses of haze or so-called at-
mospheric brown cloud (ABC)[32]. The South Asian 
ABC has important regional climate impacts in Asia. 
Due to extensive indoor and outdoor emissions of BC 
and its co-emitted pollutants, these are the third-lead-
ing contributors to the burden of disease in South 
Asia[32,33]. According to Venkataraman et al.[34], com-
bustion of solid biofuels such as wood, agricultural 
waste and dried animal manure in cooking stoves, is 
the largest source of BC emission in India. BC emis-
sion was estimated as 1134 Gg/year in 2001 and 
reached up to 2293 Gg/year in 2011 from all sources 
in India[35]. Figure 6 shows the contributions of dif-
ferent sectors for BC emissions in India during the 
years 1991, 2001 and 2011. Maximum BC emission 
growth is found over the Indian Gangetic Plane which 
accounts for only 15% of the Indian geographical re-
gion but contributes more than 35% of India’s total 
BC emission[35]. According to Beig[35], Delhi, Mumbai 
and Kolkata are having certain pockets or areas where 
emissions of BC are 20.01 to 62.98 Gg/box/year), 
which is the highest value in the whole country. Nev-
ertheless, there are very few BC concentration mea-
surements studies available for the Indian megacities. 
As per Venkataraman et al.[34], the average BC con-
centration in Mumbai was 12.5 μg/m3 in 1999. Simi-
larly, Rai et al.[36] suggest that during the years 
2001–2002, BC concentrations at different sites of 
Delhi varied from 6.7 to 26.9 μg/m3. Recently, Bano 
et al.[37] published their study and according to them, 
BC emissions in Delhi during 2006 ranged between 
5.7 and 30.3 μg/m3. According to Bano et al.[37], the 
annual average BC concentration in Delhi from Janu-
ary to December 2006 was 14.75 μg/m3, which is very 
high compared to other Indian urban areas. The higher 
concentration over Delhi may be attributed to the 

greater influence of vehicular and industrial emis-
sions[40]. Mitra et al.[40] estimated BC emissions from 
the energy sector in Delhi and Kolkata. According to 
their estimations, the transportation sector is one of 
the major contributors of BC emissions in Delhi and 
Kolkata. According to their analysis, emissions of BC 
from gasoline consumption in Delhi has increased 
from 0.5 Gg to 0.6 Gg during the years 1990–1995, and 
for diesel consumption it increased from 7.3 Gg to 
11.5 Gg. For Kolkata their estimations suggest that 
BC emissions from gasoline consumption had incre-
ased from 5 Mg to 6 Mg during the years 1990–1995, 
while for diesel consumption it increased from 2.36 
Gg to 3.00 Gg during the same period. Sahu et al.[41] 
suggested that increasing vehicle population and a 
higher demand of energy are responsible for high 
concentrations and high emissions of BC in Indian 
megacities.  

 

 
 

Figure 6. Contributions of various sectors for black carbon 
emissions in India[6]. 

 

4. Impact of GHGs Emission and Air Pollution 
in Megacities 

Increasing GHGs emissions and air pollution episodes 
continue to pose a significant threat to local, regional 
and global environment and human health in Indian 
megacities. Their impact is gradually seen to be in-
creasing with respect to smog, fog episodes, hydro-
logical cycle, agricultural productivity, biodiversity, 
temperature, irregular rainfall, and an increase in the 
frequency of droughts and floods[41–46]. These impacts 
are not restricted locally but also significantly influ-
ence the regional economy, and the social, political 
and cultural environment. 

4.1 Environmental Vulnerability 

Increasing GHGs emissions and associated climatic 
impacts have resulted in major vulnerability issues 
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and problems in Indian megacities. According to 
Nair’s[47] analysis of rainfall in the Indian megacities 
during the last 50 years, there is no significant trend in 
the annual rainfall. Instead, its seasonal variation and 
changes in intensity causes reduction in ground water 
level and increase in the salinity of aquifers in the 
coastal megacities of Mumbai and Kolkata. In July 
2005, Mumbai faced severe problems because of heavy 
rainfall (94 centimeters of rain in 24 hours), which 
resulted in 1000 deaths[48]. This event underscores the 
vulnerability to climate hazards faced by Mum-
bai[47,49,50]. The coastal cities of Mumbai and Kolkata 
are under threat from the predicted sea level variations. 
Occurrences of heat waves and cold waves have 
emerged as a routine phenomenon in Delhi, which is 
significantly affecting human health, especially for 
poor people. Nair[47] and Bhattacharya et al.[51] have 
observed that malaria-endangered area is likely to ex-
tend to Mumbai in the near future.  

As discussed in earlier sections, escalating air pol-
lution emissions due to immense consumption of fos-
sil fuels and other activities in Indian megacities are 
causing cumulative impacts on their local environment. 
Elevated levels of ozone in megacities cause major air 
quality and environmental problems. Ground level 
ozone not only affects the human health but also se-
verely damages vegetation and crops[52–57]. According 
to Guttikunda[58], increasing emissions in Delhi are 
leading to an increase in ground level concentration of 
ozone pollution. The impact of the ozone pollution is 
particularly high during forenoon rush hours, when 
the sunlight catalyses the interactions between NOx 
and volatile organic compounds (VOC) to boost the 
production of ground level ozone[58,59]. Ground level 
ozone is very harmful for the human respiratory sys-
tem. Acute bronchitis, asthma and chest pain, cough-
ing, eye irritation, nausea, headaches and chest con-
gestion are prime symptoms of ozone-caused diseases.  
Jain et al.[60] observed that the monthly average max-
imum ozone concentration in Delhi was 62–95 ppb in 
dry summer (April to June), whereas it was found to 
be 50–82 ppb in the autumn (October to November). 
Their analysis suggests that most of the time, surface 
ozone values at Delhi exceeded the World Health Or-
ganisation (WHO) ambient air quality standards 
(hourly average of 80 ppb) for ozone. Purkait et al.[61] 
analyzed concentrations of ozone and its precursors in 
megacity Kolkata. According to their observations, 
ozone levels in Kolkata are below threshold level but 

these levels are also responsible for eye irritation of 
local inhabitants. The ozone concentration level is at 
its maximum during autumn and winter and at its 
minimum during monsoon in Kolkata. Mittal and 
Sharma[62] conducted a study over all three Indian 
megacities for measuring the concentration of ozone. 
According to their observations, the concentration of 
ozone in Delhi was between 60 to 89 parts per billion 
by volume (ppbv), while in Kolkata the concentration 
was between 60 to 90 ppbv and in Mumbai the con-
centration was between 60 to 90+ ppbv. 

Impact of Black Carbon 

Global warming and ozone depletion are the major 
problems associated with air pollution, which ad-
versely affect the global climate change. Atmospheric 
brown clouds (ABCs) are the new problem identified 
by researchers, which encompasses complex in-
ter-linkages of several issues, including air pollution, 
haze, smog, and global warming[63]. In the atmosphere, 
BC reacts with other aerosols such as sulfates, nitrates, 
numerous organic acids and dust[64], and together the 
mix of such particles is referred to as atmospheric 
brown cloud[65]. BC absorbs the solar radiation re-
flected by the Earth’s surface and clouds, which would 
have otherwise escaped to space. Because of their 
short lifetimes (days to weeks), ABCs are concen-
trated in regional and megacity hot spots. Ramanathan 
et al.[65] and United Nations Environment Programme 
(UNEP)[66] identified 13 megacities affected, and 
Mumbai, Delhi and Kolkata are among them. Accord-
ing to UNEP, BC levels in these cities make up 10% of 
the total mass of all carbon particles in the atmosphere 
that result from human activities[66]. According to 
Ramanathan et al.[67], absorbing aerosols in atmos-
pheric brown clouds in the South Asian region are 
playing a major role in the observed regional climate 
and hydrological cycle changes and have masked as 
much as 50% of the surface warming due to the global 
increase in greenhouse gases. Their observation also 
expresses the possibility that, if current trends in BC 
and aerosol emissions continue, the subcontinent may 
experience a doubling of its current drought frequency 
in the coming decades.  

4.2 Health Impacts 

According to the estimates of the WHO and the World 
Bank, there was an increase in premature deaths due 
to air pollution in Indian cities in the years 1992–1995. 
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Studies like those of Chhabra et al.[68], Cropper et 
al.[69], Joshi[70], Pachauri et al.[71], Gurjar et al.[72] have 
discussed the adverse effect of air pollution on human 
health in Indian cities. The WBPCB[73] observed that 
there is a huge difference in respiratory disorders be-
tween the population of Kolkata and other rural inha-
bitants. According to their survey, about 13.5% and 35% 
of the rural population are suffering from upper and 
lower respiratory tract symptoms respectively, while 
these figures are 41.3% and 47.8% in Kolkata[74]. Si-
milarly, Kazimuddin and Banerjee[75] stated in their 
study that more than 10,000 premature deaths oc-
curred in Kolkata in 1995 due to SPM. According to 
the Health Care Institute of India, there is an alarming 
rise in the number of patients with respiratory prob-
lems in Delhi hospitals[39]. The lead (Pb) level in the 
blood was found to be 25.6 g/dL in Kolkata (com-
pared with 6.0 g/dL in Tokyo)[16,81]. The CPCB con-
ducted an epidemiological study for Delhi. According 
to their estimations, 33.2% of Delhi residents had one 
or more respiratory symptoms[82]. Lower respiratory 
symptoms (LRS) include recurrent dry cough, cough 
with phlegm (wet cough), wheezing, breathlessness on 
exertion and chest discomfort. Residents of Delhi had 
a 1.5-times greater prevalence of upper respiratory 
symptoms (URS) in comparison to the rural popula-
tion. The prevalence of lower respiratory symptoms 
was 1.8-times higher among the residents of Delhi 
than their rural counterparts. The RSPM level was 
positively associated with lower respiratory symptoms 
(LRS)[82]. Lung function was reduced in 40.3% of all 
individuals in Delhi. Lung function reduction was 
more prevalent in women than in men, both in rural 
and urban settings of Delhi. Chronic obstructive pul-
monary disease (COPD) was detected in 3.9% of the 
residents of Delhi, according to Central Pollution 
Control Board (CPCB)[82]. 

Gurjar et al.[9] developed a spreadsheet model, 
namely the “Risk of Mortality/Morbidity due to Air 
Pollution (Ri-MAP) model” to evaluate the direct 
health impacts of various criteria air pollutants present 
in urban air sheds. Here, the Ri-MAP model is applied 
in a case study to assess the health impacts of air pol-
lution in Delhi, Mumbai and Kolkata during the pe-
riod 1991–2008. The calculations take into account 
the effects of each pollutant individually, not consi-
dering the synergistic effects of two or more pollutants. 
The results obtained from the Ri-MAP model are pre-
sented below with respect to the megacities Delhi, 
Mumbai and Kolkata.  

4.2.1 Total Mortality 

The excess number of deaths (i.e., total mortality) in 
the megacities Delhi, Mumbai and Kolkata shown in 
Figure 7 has been calculated, taking into account the 
total sum of effects caused by the three criteria air 
pollutants TSP, SO2 and NO2. During 1991–2008, 
Delhi has been often associated with the highest num-
ber of total mortality cases. It is observed that there is 
an overall-increasing trend in incidents of total mor-
tality in Delhi and Mumbai but it is not so for Kolkata. 

4.2.2 Respiratory Mortality 

Figure 7 shows the excess number of respiratory mor-
tality cases estimated with the help of the Ri-MAP 
model owing to the total effect of the three pollutants 
considered (TSP, SO2 and NO2) in Indian megacities. 
A similar trend is observed for the excess number of 
respiratory mortality cases. Delhi shows the highest 
number of respiratory mortality cases during most of 
the time. The respiratory mortality incidents are in-
creasing gradually in Delhi. The rising concentration 
of PM in Delhi might be responsible for that increas-
ing trend.  

4.2.3 Cardiovascular Mortality 

Similar to the total mortality and respiratory mortality, 
cardiovascular mortality shows the same trend of 
excess number of cases. The number of excess cases 
of cardiovascular mortality was 3369, 2427 and 2954 
in Delhi, Mumbai and Kolkata respectively in the year 
1995. These figures became 5685, 3259 and 2393 in 
2008 for the same cities.  

4.2.4 Hospital Admissions due to Chronic Obstruc-
tive Pulmonary Disease (COPD) 

As illustrated in Figure 7, the morbidity (hospital ad-
mission) cases due to chronic obstructive pulmonary 
disease (COPD) follow a pattern similar to that of car-
diovascular mortality (Figure 7). Delhi has the highest 
annual average excess cases of 15,608 cases/year, 
while the figures for Kolkata (11,910 cases/year) and 
Mumbai (11,411 cases/year) are at the low end.  

4.3 Socio-economic and Political Implications of Air 
Pollution 

Experts suggest that the effects of air pollution and 
climate change may vary according to the socio-econ-
omic profile of the population. The impact of air pol-
lution and its exposure with various socio-economic  
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Figure 7. Excess number of cases of (A) total mortality, (B) respiratory mortality, (C) cardiovascular mortality and (D) hospital ad-
mission COPD in the megacities Delhi, Mumbai and Kolkata. 

 
groups in India is not well studied, mainly due to the 
lack of suitable expertise and resources[83]. Neverthe-
less, Garg[84] has estimated the health benefits asso-
ciated to different socio-economic groups in the pop-
ulation of Delhi, based on their income level. Accord-
ing to his estimations, social groups with a low and 
medium income in urban households have higher 
mortality rates (7.56 per 1000 persons in the low-in-
come category, 4.8 in the medium-income category, and 
4.61 in high-income category) and higher risks of suf-
fering from asthma in comparison to those in the 
high-income category (18.82 for low-income, 12.98 
for medium-income, and 11.14 for high-income). 
Lower income groups are exposed to higher concen-
trations of pollutants, and have higher baseline mor-
tality and morbidity rates. Moreover there is unequal 
access to healthcare because of the expenditure re-
quired. All these factors contribute in reducing the 
capacity of lower income groups to deal with air pol-
lution impacts on health[84]. It is also observed by 
Garg[84] that with respect to PM in Indian megacities, 
its sources are owned by higher income groups and 

their economic benefits also accrue to them, while the 
poor bear a disproportionately higher share of the re-
sultant air pollution health burden.  

Interestingly, air and water pollution are interlinked 
at several junctions of their cycles. For example, dry 
and wet depositions of air pollutants contaminate the 
water bodies, whereas gaseous and particulate emis-
sions from wastewater treatment plants pollute the 
ambient air. Also, GHGs emissions from anaerobic 
digestion at the bottom of reservoirs and irrigated 
paddy fields contribute to climate change. Further-
more, an increasing impact of climate change and a 
high demand of water are significantly leading to wa-
ter scarcity in Indian megacities. The gap between 
water demand and delivery has become a severe 
problem in Indian megacities and it is estimated that 
this situation will be worse in future[47]. The Intergo-
vernmental Panel on Climate Change (IPCC) high-
lights that due to thermal stress and water scarcity in 
some regions in Asia, rice production could decline by 
nearly 4% by the end of the century and that substan-
tial losses are likely in rain-fed wheat throughout 
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Southeast Asia. For example, a 0.5°C to 1.5°C rise in 
temperature would reduce wheat and maize yield po-
tential by 2% to 5% in India. According to the 
WWF[85] climate change may affect the availability of 
food for Indian megacities. 

For more than one decade, there has been a lively 
environmental debate along with a high degree of leg-
islative activity in megacities and other cities of India. 
Air pollution in megacities and climate change are the 
prominent issues for the debate. It is the major policy 
issue for the higher level legislative bodies[86]. Due to 
worsening air pollution problems in Indian megacities, 
several local non-governmental organizations (NGOs), 
lawyers, and expert groups have joined hands to pre-
serve the local environment[87]. Because of these ac-
tivities, the Supreme Court of India directed the Delhi 
government to use Compressed Natural Gas (CNG) as 
an alternative fuel and implement its orders latest by 
March 1, 200l. Even though the implementation of 
this policy measure was not an easy task, this policy 
instrument along with other interventions such as the 
Metro, has recently improved the air quality of Delhi 
by significantly reducing particulate air pollution. 
However, due to constantly increasing vehicular pop-
ulation, air pollution levels at several locations still 
exceed the air quality standards prescribed by the 
CPCB.  

5. Evaluation of Air Pollution and Climate 
Change Mitigation Strategies in Megacities 

The period of the 1990s saw a rapid increase in pollu-
tion levels in Indian megacities. In fact, 1996 was 
considered the peak year in terms of air pollution load 
in megacities. The transport, industrial, thermal power 
plants and domestic sectors emerged as major contri-
butors for increasing pollution in these cities. There 
are several policy measures taken by decision-making 
bodies to reduce air pollution and GHGs emissions in 
megacities. Since vehicular exhausts were identified 
as the major source of toxic emissions in megacities, a 
part of mitigation measures started in 1996 with re-
duced concentration of lead and benzene in gasoline. 
Similarly in 1998, the Supreme Court of India directed 
to replace the old auto-rickshaws and buses by new 
ones and to implement CNG for all new auto-ricks-
haws and buses in Delhi[88]. Looking at the slow pro-
gress in the implementation of the Court direction for 
CNG implementation, the Supreme Court of India 
again advised the government in March 31, 2001 to 
rapidly and strictly implement the CNG for all public 

transport in Delhi. In the same manner, on October 17, 
2001, the Mumbai High Court ordered the phasing out 
of old commercial vehicles unless they are converted 
to run on LPG/CNG. So far various categories of old 
commercial vehicles have been phased out from the 
roads[89]. To reduce vehicular emissions, the govern-
ment is scheduling more stringent emission norms in 
India, and large cities are their prime concerns. Re-
cently in 2010, the implementation of the European 
Emission Standard Euro 4 in 11 cities of India is an 
example in this context.  

To control industrial pollution in Delhi, the local 
government implemented some stringent rules for 
thermal power plants. Also, all stone crushers and hot 
mix plants have been closed down in Delhi and shifted 
to the outskirts of the city. As per the directions of the 
Supreme Court, 168 hazardous industries have been 
closed down in Delhi. The massive level of mass-awa-
reness campaign was organized by the Delhi govern-
ment with other groups to mitigate GHGs and air pol-
lution in Delhi[89]. This helped in implementation of 
CNG in public transport system and commercial ve-
hicles and also to adopt stringent emission norms in 
Delhi. Similarly, to reduce air pollution and GHGs 
emissions from the industrial sector in Mumbai, the 
government of Maharashtra implemented industrial 
location policy that relocated several industries out-
side Mumbai. Almost all the industries were provided 
with pollution control systems. All stone crushing and 
hot mix plants in Mumbai were shifted to the con-
firming zone. In Kolkata, the government has laun-
ched various policies to reduce emissions from the 
industrial sector. Some examples include stricter loca-
tion policies for new industrial units, the mandatory 
use of clean fuels, and financial assistance for the in-
stallation of pollution control devices in small-scale 
industries[89].  

6. Challenges and Opportunities of Climate 
Change and Air Pollution Mitigations in Me-
gacities 

There are various emerging challenges and opportuni-
ties that are important to be considered in the imple-
mentation and management of strategies to the im-
provement of air quality of Indian megacities, partic-
ularly in the context of their links with climate change 
and human health. Although measures have been tak-
en in Indian megacities to improve the local and re-
gional air quality and mitigate the climate change, 
these cities constantly face difficulties related to insti-
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tutional and technological limitations. Economic con-
straints are one of the major challenges faced by cities 
to implement the advanced technologies to mitigate 
air pollution. In the case of Delhi, this has been expe-
rienced that multiple institutions with overlapping 
responsibilities result in chaotic and inefficient go-
vernance. A “no care” attitude (unless forced by the 
court of law), rapid and unplanned urbanisation, con-
tinued growth of the megacities[32], uncontrolled ve-
hicular density on insufficient road space that is badly 
being cared for, lack of adequate parking facilities[75], 
low turnover of old vehicles with too frequent break-
downs, undisciplined drivers, and indifferent pede-
strians together with a bad traffic management have 
taken the problems into a threatening stage[90]. These 
are in fact the major issues in megacities leading to the 
increasing air pollution[16, 73, 91–93].  
   Unaccountable interference and opposition of 
government policies by some groups having certain 
vested interests is also a major problem in megacities. 
For instance, the development of the Delhi Metro and 
the Bus Rapid Transit System (BRTS) faced tough 
opposition from certain local organizations/groups and 
media. Nevertheless, despite these obstacles, there are 
a large number of opportunities available in terms of 
implementing favorable policies for reducing air pol-
lution to benefit the residents of these cities and also 
to mitigate their regional climatic implications.  

7. Conclusion  

The pressing air pollution and climate change issues 
associated with Indian urban agglomerations are 
closely linked problems sharing common causes and 
solutions. It is well known that air pollution and 
GHGs emissions are arising largely from the same 
sources in Indian megacities. Thus, co-benefits can be 
accomplished if one targets to reduce air pollution or 
GHGs emissions. Undoubtedly, it is the necessity of 
pursuing and coordinating among the researchers, 
regulatory bodies and policy makers that can support 
mitigating policies to achieve multiple benefits. The 
present study brings together the issues of air pollu-
tion, GHGs emissions, sources, impacts and many 
other consequences of air pollution and GHGs emis-
sions in Indian megacities to understand their vulne-
rability in terms of local and regional scale impacts on 
air quality, environment, economy and human health. 
Although this paper has focused on the megacities in 
India (Delhi, Mumbai and Kolkata), the overall study 
indicates the status of urban emissions and their im-

pacts in developing nations. Moreover, although mea-
sures to mitigate air pollution and GHGs emissions in 
Indian megacities are based on the best available 
scientific knowledge, the public participation, proper 
management, political will and capacity are prerequi-
sites to transform these options into actions. In sum-
mary, air pollution problems and associated multiple 
effects in Indian megacities necessitate a great deal of 
integrated efforts from different walks of society that 
must be maintained to protect the environment and 
benefit the public welfare in a sustainable way. 

Conflict of Interest and Funding 

No conflict of interest was reported by the authors. 

Acknowledgements 

The Max Planck Society, Munich, and the Max Planck 
Institute for Chemistry, Mainz, Germany, have sup-
ported this study through the Max Planck Partner 
Group for Megacities and Global Change established 
at Indian Institute of Technology Roorkee, India. 

References 

1. Food and Agriculture Organization of the United Na-
tions, 2002, World agriculture: towards 2015/2030, 
viewed February 28, 2012,  
<http://www.fao.org/docrep/004/y3557e/y3557e00.htm> 

2. United Nations (UN), Department of Economic and So-
cial Affairs, Population Division, 2006, World urbaniza-
tion prospects: the 2005 revision, viewed May 4, 2015,  
<http://www.un.org/esa/population/publications/WUP2
005/2005WUPHighlights_Final_Report.pdf> 

3. Government of India, 2001, Census of India, viewed 
February 20, 2012,  
<http://www.censusindia.gov.in> 

4. Government of India, 2011, Census of India, viewed 
February 20, 2012,  
<http://www.censusindia.gov.in> 

5. Nagdeve D, 2009, Air pollution in mega cities of India, 
viewed May 11, 2012, 
<http://meetings.copernicus.org/www.cosis.net/abstracts
/EGU2007/00121/EGU2007-J-00121.pdf> 

6. Streets D G, Carmichael G R, Amann M, et al. 1999, 
Energy consumption and acid deposition in Northeast 
Asia. Ambio, vol.28(2): 135–143. 

7. Garg A, Shukla P R, Bhattacharya S, et al. 2001, 
Sub-region (district) and sectoral level SO2 and NOx 
emission in India: Assessment of inventories and miti-
gation flexibility. Atmospheric Environment, vol.35(4): 
703–713.  

http://www.fao.org/docrep/004/y3557e/y3557e00.htm�
http://www.un.org/esa/population/publications/WUP2005/2005WUPHighlights_Final_Report.pdf�
http://www.un.org/esa/population/publications/WUP2005/2005WUPHighlights_Final_Report.pdf�
http://www.censusindia.gov.in/�
http://www.censusindia.gov.in/�
http://meetings.copernicus.org/www.cosis.net/abstracts/EGU2007/00121/EGU2007-J-00121.pdf�
http://meetings.copernicus.org/www.cosis.net/abstracts/EGU2007/00121/EGU2007-J-00121.pdf�


Bhola R. Gurjar and Ajay S. Nagpure 

 

 Journal of Smart Cities (2015)–Volume 1, Issue 1 27 

http://dx.doi.org/10.1016/S1352-2310(00)00316-2. 
8. Gadhok T K, 2000, Risks in Delhi: Environmental con-

cerns, Geospatial World, viewed February 12, 2011,  
<http://geospatialworld.net/Paper/Application/ArticleVi
ew.aspx?aid=921>  

9. Gurjar B R, van Aardenne J A, Lelieveld J, et al. 2004, 
Emission estimates and trends (1990–2000) for mega-
city Delhi and implications. Atmospheric Environment, 
vol.38(33): 5663–5681.  
http://dx.doi.org/10.1016/j.atmosenv.2004.05.057. 

10. Reddy M S and Venkataraman C, 2002, Inventory of 
aerosol and sulphur dioxide emissions from India: 
I-Fossil fuel combustion. Atmospheric Environment, 
vol.36(4): 677–697.  
http://dx.doi.org/10.1016/S1352-2310(01)00463-0. 

11. Garg A, Kapshea M, Shuklaa P R, et al. 2002, Large 
point source (LPS) emissions from India: Regional and 
sectoral analysis. Atmospheric Environment, vol.36(4): 
213–224. 
http://dx.doi.org/10.1016/S1352-2310(01)00439-3. 

12. PricewaterhouseCoopers, 2010, Cities of opportunity: A 
look at the world’s hubs of finance and commerce, 
viewed May 5, 2015, 
<http://www.pfnyc.org/reports/2008_12_Cities_of_Opp
ortunity.pdf> 

13. Larssen S, Gram F, Hagen L O, et al. 1997, Urban Air 
Quality Management in Asia, Greater Mumbai Report, 
viewed May 5, 2015,  
<http://www-wds.worldbank.org/external/default/WDS
ContentServer/WDSP/IB/1997/12/01/000009265_3980-
217141523/Rendered/PDF/multi_page.pdf> 

14. National Environmental Engineering Research Institute 
(NEERI), 2004, Particulate matter reduction action 
plan for Greater Mumbai region, Nagpur. 

15. Bhanarkar A D, Rao P S, Gajghate D G, et al. 2005, In-
ventory of SO2, PM and toxic metals emissions from 
industrial sources in Greater Mumbai, India. Atmos-
pheric Environment, vol.39(21): 3851–3864.  
http://dx.doi.org/10.1016/j.atmosenv.2005.02.052. 

16. Ghose M K, Paulb R, and Banerjee S K, 2004, Assess-
ment of the impacts of vehicular emissions on urban air 
quality and its management in Indian context: The case 
of Kolkata (Calcutta). Environmental Science & Policy, 
vol.7(4): 345–351.  
http://dx.doi.org/10.1016/j.envsci.2004.05.004. 

17. Mukherjee A, and Mukherjee G, 1998, Occupational 
exposure of the traffic personnel of Calcutta to lead and 
carbon monoxide. Pollution Research, vol.17(4): 359–362. 

18. Shukla S K, Nagpure A S, Sharma R, et al. 2013, As-
sessment of environmental profile in the vicinity of In-
dian cement industry. International Journal of Envi-
ronmental Technology and Management (IJETM), 
vol.16(4): 326–342.  

http://dx.doi.org/10.1504/IJETM.2013.054891. 
19. Asia-Pacific Network for Global Change Research 

(APN), 2003, The budgets of GHGs, urban air pollutants 
and their future emission scenarios in selected mega- 
cities in Asia (APN 2002–04), viewed November 7, 2012, 
<http://www.apn-gcr.org/resources/items/show/1476> 

20. Center for Science and Environment, 2006, Managing 
Air Quality, viewed February 12, 2010,  
<http://www.cseindia.org/userfiles/managingair_pdf.pdf> 

21. Kumar P, Gurjar B R, Nagpure A S, et al. 2011, Prelim-
inary estimates of nanoparticle number emissions from 
road vehicles in megacity Delhi and associated health 
impacts. Environmental Science & Technology, vol.45(13): 
5514–5521. 
http://dx.doi.org/10.1021/es2003183. 

22. Kumar S S, Nagpure A S, Kumar V, et al. 2008, Impact 
of dust emission on plant vegetation in the vicinity of 
cement plant. Environmental Engineering and Man-
agement Journal, vol.7(1): 31–35.  

23. Rai R, Rajput M, Agrawal M, et al. 2011, Gaseous air 
pollutants: A review on current and future trends of 
emissions and impact on agriculture. Journal of Scien-
tific Research, vol.55: 77–102. 

24. Prasad A K, Singh R P, and Kafatos M, 2006, Influence 
of coal-based thermal power plants on aerosol optical 
properties in the Indo-Gangetic Basin. Geophysical Re-
search Letters, vol.33(5): L05805.  
http://dx.doi.org/10.1029/2005GL023801. 

25. Guttikunda S, Calori G, Velay-Lasry F, et al. 2011, Air 
quality forecasting system for cities: Modeling architec-
ture for Delhi, simple interactive models for better air 
quality. SIM-Air Working Paper Series, viewed May 6, 
2015,  
<http://environmentportal.in/files/SIM-36-2011-AQFS-
Delhi.pdf> 

26. Government of Delhi, Department of Environment, 
2010, Executive summary of inventorization of green 
house gases—sources and sinks in Delhi, viewed Feb-
ruary 12, 2011,  
<http://www.delhi.gov.in/wps/wcm/connect/5fa00f8041
0c7d319880fa579a6b604f/Executive+Summary.pdf?M
OD=AJPERES&CACHEID=5fa00f80410c7d319880fa
579a6b604f> 

27. Ramachandra T V, Shwetmala, 2009, Emissions from 
India’s transport sector: Statewise synthesis. Atmos-
pheric Environment, vol.43(34): 5510–5517. 
http://dx.doi.org/10.1016/j.atmosenv.2009.07.015. 

28. Central Pollution Control Board, 2010, Status of the ve-
hicular pollution control programme in India, viewed 
April 28, 2012, 
<http://cpcb.nic.in/upload/NewItems/NewItem_157_VP
C_REPORT.pdf> 

http://dx.doi.org/%2010.1016/S1352-2310(00)00316-2�
http://geospatialworld.net/Paper/Application/ArticleView.aspx?aid=921�
http://geospatialworld.net/Paper/Application/ArticleView.aspx?aid=921�
http://dx.doi.org/10.1016/j.atmosenv.2004.05.057�
http://dx.doi.org/10.1016/S1352-2310(01)00463-0�
http://dx.doi.org/10.1016/S1352-2310(01)00439-3�
http://www.pfnyc.org/reports/2008_12_Cities_of_Opportunity.pdf�
http://www.pfnyc.org/reports/2008_12_Cities_of_Opportunity.pdf�
http://www-wds.worldbank.org/external/default/WDSContentServer/WDSP/IB/1997/12/01/000009265_3980217141523/Rendered/PDF/multi_page.pdf�
http://www-wds.worldbank.org/external/default/WDSContentServer/WDSP/IB/1997/12/01/000009265_3980217141523/Rendered/PDF/multi_page.pdf�
http://www-wds.worldbank.org/external/default/WDSContentServer/WDSP/IB/1997/12/01/000009265_3980217141523/Rendered/PDF/multi_page.pdf�
http://dx.doi.org/10.1016/j.atmosenv.2005.02.052�
http://dx.doi.org/10.1016/j.envsci.2004.05.004�
http://dx.doi.org/10.1504/IJETM.2013.054891�
http://www.apn-gcr.org/resources/items/show/1476�
http://www.cseindia.org/userfiles�
http://dx.doi.org/10.1021/es2003183�
http://dx.doi.org/10.1029/2005GL023801�
http://environmentportal.in/files/SIM-36-2011-AQFS-Delhi.pdf�
http://environmentportal.in/files/SIM-36-2011-AQFS-Delhi.pdf�
http://www.delhi.gov.in/wps/wcm/connect/5fa00f80410c7d319880fa579a6b604f/Executive+Summary.pdf?MOD=AJPERES&CACHEID=5fa00f80410c7d319880fa579a6b604f�
http://www.delhi.gov.in/wps/wcm/connect/5fa00f80410c7d319880fa579a6b604f/Executive+Summary.pdf?MOD=AJPERES&CACHEID=5fa00f80410c7d319880fa579a6b604f�
http://www.delhi.gov.in/wps/wcm/connect/5fa00f80410c7d319880fa579a6b604f/Executive+Summary.pdf?MOD=AJPERES&CACHEID=5fa00f80410c7d319880fa579a6b604f�
http://www.delhi.gov.in/wps/wcm/connect/5fa00f80410c7d319880fa579a6b604f/Executive+Summary.pdf?MOD=AJPERES&CACHEID=5fa00f80410c7d319880fa579a6b604f�
http://dx.doi.org/10.1016/j.atmosenv.2009.07.015�
http://cpcb.nic.in/upload/NewItems/NewItem_157_VPC_REPORT.pdf�
http://cpcb.nic.in/upload/NewItems/NewItem_157_VPC_REPORT.pdf�


Indian megacities as localities of environmental vulnerability from air quality perspective 

 

28 Journal of Smart Cities (2015)–Volume 1, Issue 1 

29. Guttikunda S K, Carmichael G R, Calori G, et al. 2003, 
The contribution of megacities to regional sulfur pollu-
tion in Asia. Atmospheric Environment, vol.37(1): 11–22.  
http://dx.doi.org/10.1016/S1352-2310(02)00821-X. 

30. West Bengal Pollution Control Board (WBPCB), 2006, 
Green Governance Newsletter, viewed May 3, 2012,  
<http://web.wbpcb.gov.in/html/downloads/NewsApr06.
pdf > 

31. Asian Development Bank, 2005, Final report volume V: 
Air quality management, viewed March 10, 2012,  
<http://www.wbpcb.gov.in/html/downloads/adb_ta_342
3_air_fin_rep.pdf>  

32. United States Agency for International Development 
ASIA (USAID ASIA), 2010, Black carbon emissions in 
Asia: Sources, impacts, and abatement opportunities 
executive summary, viewed May 7, 2012,  
<http://www.pciaonline.org/files/Black%20Carbon%20
Emissions%20in%20Asia.pdf> 

33. Ezzati M, Hoorn S V, Lopez A D, et al. 2006, Compara-
tive quantification of mortality and burden of disease 
attributable to selected risk factors, in Global Burden of 
Disease and Risk Factors, Washington (DC), 241–396. 

34. Venkataraman C, Habib G, Eiguren-Fernandez A, et al. 
2005, Residential biofuels in South Asia: Carbonaceous 
aerosol emissions and climate impacts. Science, vol.307 
(5714): 1454–1456.  
http://dx.doi.org/10.1126/science.1104359. 

35. Beig G, 2011, Emission inventory: major issues, prob-
lem and recent development in South Asia. Indian Insti-
tute of Tropical Meteorology, viewed May 1, 2012,  
<http://www.tropmet.res.in/~gurme/Dec%2008%20-%2
007%20-%20Beig%20-%20Emissions%20Inventories%
20[Compatibility%20Mode].pdf> 

36. Kant Y, Patel P, Mishra A K, et al. 2012, Diurnal and 
seasonal aerosol optical depth and black carbon in the 
Shiwalik Hills of the north western Himalayas: A case 
study of the Doon valley, India. International Journal of 
Geology, Earth and Environmental Sciences, vol. 2(2): 
173–192. 
<http://www.cibtech.org/J-GEOLOGY-EARTH-ENVIRO
NMENT/PUBLICATIONS/2012/Vol%202%20No%202/1
8-028...Yogesh...Diurnal...Valley...173-192.pdf> 

37. Bano T, Singh S, Gupta N C, et al. 2011, Variation in 
aerosol black carbon concentration and its emission es-
timates at the mega-city Delhi. International Journal of 
Remote Sensing, vol.32(21): 6749–6764.  
http://dx.doi.org/ 10.1080/01431161.2010.512943. 

38. Horvath H, 1993, Atmospheric light absorption—a re-
view. Atmospheric Environment, vol.27(3): 293–317.  
http://dx.doi.org/10.1016/0960-1686(93)90104-7. 

39. Jacobson M Z, 2001, Strong radiative heating due to the 
mixing state of black carbon in atmospheric aerosols. 

Nature, vol.409: 695–697.  
http://dx.doi.org/10.1038/35055518. 

40. Mitra A P, Sharma C, and Ajero M A Y, 2003, Energy 
and emissions in South Asian mega-cities: Study on 
Kolkata, Delhi and Manila. Proceedings of Interna-
tional Workshop on Policy Integration Towards Sus-
tainable Urban Energy Use for Cities in Asia, East West 
Center, Honolulu, Hawaii, 4–5 February, 2003, Hono-
lulu. 

41. Sahu S K, Beig G and Sharma C, 2008, Decadal growth 
of black carbon emissions in India. Geophysical Re-
search Letters, vol.35(2): L02807.  
http://dx.doi.org/10.1029/2007GL032333. 

42. Gadgill S, 1995, Climate change and agriculture—an 
Indian perspective. Current Science, vol.69(8): 649–659. 

43. Zhu Y and Houghton D D, 1996, The impact of Indian 
Ocean SST on the large-scale Asian summer monsoon 
and the hydrological cycle. International Journal of 
Climatology, vol.16(6): 617–632.  
http://dx.doi.org/10.1002/(SICI)1097-0088(199606)16:
6<617::AID-JOC32>3.0.CO;2-I. 

44. Lal M, Srinivasan G and Cubasch U, 1996, Implications 
of increasing greenhouse gases and aerosols on the di-
urnal temperature cycle of the Indian subcontinent. 
Current Science, vol.71(10): 746–752. 

45. Lal M, Singh K K, Rathor L S, et al. 1996, Vulnerabil-
ity of rice and wheat yields in Northwest India to future 
changes in climate. Agricultural and Forest Meteorol-
ogy, vol.89(2): 101–114.  
http://dx.doi.org/10.1016/S0168-1923(97)00064-6. 

46. Menon S, Hansen J, Nazarenko L, et al. 2002, Climate 
effects of black carbon aerosols in China and India. 
Science, vol.297(5590): 2250–2253.  
http://dx.doi.org/ 10.1126/science.1075159. 

47. Nair K S, 2009, An assessment of the impact of climate 
change on the megacities of India and of the current 
policies and strategies to meet associated challenges, 
viewed May 10, 2012,  
<http://siteresources.worldbank.org/INTURBANDEVEL
OPMENT/Resources/336387-1256566800920/nair.pdf> 

48. De Sherbinin A, Schiller A and Pulsipher A, 2009, The 
vulnerability of global cities to climate hazards. Envi-
ronment and Urbanization, vol.19(1): 39–64.  
http://dx.doi.org/ 10.1177/0956247807076725. 

49. Panda A, 2011, Unleashing urbanization, climate 
change risks & adaptation: Indian mega cities. The In-
dian Economy Review, viewed May 3, 2012, 
<http://theindiaeconomyreview.org/Article.aspx?aid=30 
&mid=3> 

50. Varotsos C A, Chronopoulos G J, Katsikis S, et al. 1995, 
Further evidence of the role of air pollution on solar ul-
traviolet radiation reaching the ground. International 

http://dx.doi.org/10.1016/S1352-2310(02)00821-X�
http://web.wbpcb.gov.in/html/downloads/NewsApr06.pdf�
http://web.wbpcb.gov.in/html/downloads/NewsApr06.pdf�
http://www.wbpcb.gov.in/html/downloads/adb_ta_3423_air_fin_rep.pdf�
http://www.wbpcb.gov.in/html/downloads/adb_ta_3423_air_fin_rep.pdf�
http://www.pciaonline.org/files/Black%20Carbon%20Emissions%20in%20Asia.pdf�
http://www.pciaonline.org/files/Black%20Carbon%20Emissions%20in%20Asia.pdf�
http://dx.doi.org/10.1126/science.1104359�
http://www.tropmet.res.in/~gurme/Dec%2008%20-%2007%20-%20Beig%20-%20Emissions%20Inventories%20%5bCompatibility%20Mode%5d.pdf�
http://www.tropmet.res.in/~gurme/Dec%2008%20-%2007%20-%20Beig%20-%20Emissions%20Inventories%20%5bCompatibility%20Mode%5d.pdf�
http://www.tropmet.res.in/~gurme/Dec%2008%20-%2007%20-%20Beig%20-%20Emissions%20Inventories%20%5bCompatibility%20Mode%5d.pdf�
http://www.cibtech.org/J-GEOLOGY-EARTH-ENVIRONMENT/PUBLICATIONS/2012/Vol%202%20No%202/18-028...Yogesh...Diurnal...Valley...173-192.pdf�
http://www.cibtech.org/J-GEOLOGY-EARTH-ENVIRONMENT/PUBLICATIONS/2012/Vol%202%20No%202/18-028...Yogesh...Diurnal...Valley...173-192.pdf�
http://www.cibtech.org/J-GEOLOGY-EARTH-ENVIRONMENT/PUBLICATIONS/2012/Vol%202%20No%202/18-028...Yogesh...Diurnal...Valley...173-192.pdf�
http://dx.doi.org/%2010.1080/01431161.2010.512943�
http://dx.doi.org/10.1016/0960-1686(93)90104-7�
http://dx.doi.org/10.1038/35055518�
http://dx.doi.org/10.1029/2007GL032333�
http://dx.doi.org/10.1002/(SICI)1097-0088(199606)16:6%3c617::AID-JOC32%3e3.0.CO;2-I�
http://dx.doi.org/10.1002/(SICI)1097-0088(199606)16:6%3c617::AID-JOC32%3e3.0.CO;2-I�
http://dx.doi.org/10.1016/S0168-1923(97)00064-6�
http://dx.doi.org/%2010.1126/science.1075159�
http://siteresources.worldbank.org/INTURBANDEVELOPMENT/Resources/336387-1256566800920/nair.pdf�
http://siteresources.worldbank.org/INTURBANDEVELOPMENT/Resources/336387-1256566800920/nair.pdf�
http://dx.doi.org/%2010.1177/0956247807076725�
http://theindiaeconomyreview.org/Article.aspx?aid=30%20&mid=3�
http://theindiaeconomyreview.org/Article.aspx?aid=30%20&mid=3�


Bhola R. Gurjar and Ajay S. Nagpure 

 

 Journal of Smart Cities (2015)–Volume 1, Issue 1 29 

Journal of Remote Sensing, vol.16(10): 1883–1886.  
http://dx.doi.org/ 10.1080/01431169508954525. 

51. Bhattacharya S, Sharma C, Dhiman R C, et al. 2006, 
Climate change and malaria in India. Current Science, 
vol.90(3): 369–375. 

52. Goldsmith J R and Nadel J A, 1969, Experimental ex-
posure of human subjects to ozone. Journal of the Air 
Pollution Control Association (JAPCA), vol.19(5): 
329–330.  
http://dx.doi.org/10.1080/00022470.1969.10466494. 

53. Bates D V, Bell G M, Burnham C D, et al. 1972, 
Short-term effects of ozone on the lung. Journal of Ap-
plied Physiology, vol.32(2): 176–181. 

54. Mustafa M G and Lee S D, 1976, Pulmonary bio-
chemical alterations resulting from ozone exposure. 
Annals of Occupational Hygiene, vol.19(1): 17–26.  
http://dx.doi.org/10.1093/annhyg.19.1.17. 

55. Organization for Economic Cooperation and Develop-
ment (OECD), 1979, Photochemical Oxidants and their 
Precursors in the Atmosphere, OECD, Paris. 

56. Heck W W, Adams R M, Cure W W, et al. 1983, A re-
assessment of crop loss from ozone. Environmental 
Science Technology, vol.17(12): 572A–581A.  
http://dx.doi.org/10.1021/es00118a716. 

57. Reich P B and Amundson R G, 1985, Ambient levels of 
ozone reduce net photosynthesis in tree and crop spe-
cies. Science, vol.230(4725): 566–570.  
http://dx.doi.org/10.1126/science.230.4725.566. 

58. Guttikunda S, 2009, Photochemistry of air pollution in 
Delhi, India: A monitoring based analysis, simple in-
teractive models for better air quality, SIM-Air Work-
ing Paper Series 25, viewed May 5, 2015,  
<http://urbanemissions.info/images/UEI/simseries/SIM-
25-2009-AP-Chemistry-Delhi.pdf> 

59. Singh A, Sarin S M, Shanmugam P, et al. 1997, Ozone 
distribution in the urban environment of Delhi during 
winter months. Atmospheric Environment, vol.31(20): 
3421–3427.  
http://dx.doi.org/10.1016/S1352-2310(97)00138-6. 

60. Jain S L, Arya B C, Kumar A, et al. 2005, Observa-
tional study of surface ozone at New Delhi, India. In-
ternational Journal of Remote Sensing, vol.26(16): 
3515–3524. 
http://dx.doi.org/10.1080/01431160500076616. 

61. Purkait N N, De S, Sen S, et al. 2009, Surface ozone 
and its precursors at two sites in the Northeast Coast of 
India. Indian Journal of Radio & Space Physics, vol.38: 
86–97.  

62. Mittal M L, and Sharma C, 2001, Transport of Air Pol-
lutants over the Indian Region, Ohio Supercomputer 
Centre (OSC), Program for Computational Reactive 
Mechanics (PCRM), viewed May 11, 2012, 

<http://www.osc.edu/research/archive/pcrm/transport/h
otspot_daytime.shtml> 

63. Khopade P, 2009, Atmospheric Brown Clouds (ABCs), 
Envis Newsletter, Mumbai: ENVIS Centre, Environ-
ment Department, Government of Maharashtra,  
viewed May 11, 2012,  
<http://envis.maharashtra.gov.in/envis_data/files/abc_m
ain.html> 

64. Guazzotti S A, Coffee K R and K A Prather, 2001, Con-
tinuous measurements of size-resolved particle chemis-
try during INDOEX-Intensive Field Phase 99. Journal 
of Geophysical Research, vol.106(D22): 28607–28628.  
http://dx.doi.org/10.1029/2001JD900099. 

65. Ramanathan V, 2007, Role of black carbon in global 
and regional climate changes, viewed May 8, 2015,  
<http://www-ramanathan.ucsd.edu/files/bc-testimony.pdf> 

66. Ramanathan V, Rodhe H, Agrawal M, et al. 2008, At-
mospheric brown clouds: Regional assessment report 
with focus on Asia, viewed May 5, 2012,  
<http://www.unep.org/pdf/ABCSummaryFinal.pdf> 

67. Ramanathan V, Chung C and Kim D, et al. 2005, At-
mospheric brown clouds: Impacts on South Asian cli-
mate and hydrological cycle. Proceedings of the Na-
tional Academy of Science of the United States of 
America, vol.102(15): 5326–5333.  
http://dx.doi.org/10.1073/pnas.0500656102. 

68. Chhabra S K, Chhabra P, Rajpal S, et al. 2001, Ambient 
air pollution and chronic respiratory morbidity in Delhi. 
Archives of Environmental Health, vol.56(1): 58–64. 
http://dx.doi.org/10.1080/00039890109604055. 

69. Cropper M L, Simon N B, Alberini A, et al. 1997, The 
health effects of air pollution in Delhi, India, World 
Bank eLibrary,  
http://dx.doi.org/10.1596/1813-9450-1860. 

70. Joshi T K, 1997, A Health Survey to Determine the Ad-
verse Health Impact of Pollution in Delhi, New Delhi: 
Centre for Occupational and Environmental Medicine 
(MAMC). 

71. Pachauri R K, Sridharan P V, (eds) 1998, Looking Back 
to Think Ahead: Growth with Resource Enhancement of 
Environment and Nature, Tata Energy Research Insti-
tute, New Delhi. 

72. Gurjar B R, Jain A, Sharma A, et al. 2010, Human 
health risks in megacities due to air pollution. Atmos-
pheric Environment, vol.44(36): 4606–4613.  
http://dx.doi.org/ 10.1016/j.atmosenv.2010.08.011. 

73. Nagpure A S and Gurjar B R, 2014, Urban traffic emis-
sions and associated environmental impacts in India, in 
Novel Combustion Concepts for Sustainable Energy 
Development, Springer India, New Delhi, 405–414. 

74. Karar K and Gupta A K, 2007, Source apportionment of 
PM10 at residential and industrial sites of an urban re-

http://dx.doi.org/%2010.1080/01431169508954525�
http://dx.doi.org/10.1080/00022470.1969.10466494�
http://dx.doi.org/10.1093/annhyg.19.1.17�
http://dx.doi.org/10.1021/es00118a716�
http://dx.doi.org/10.1126/science.230.4725.566�
http://urbanemissions.info/images/UEI/simseries/SIM-25-2009-AP-Chemistry-Delhi.pdf�
http://urbanemissions.info/images/UEI/simseries/SIM-25-2009-AP-Chemistry-Delhi.pdf�
http://dx.doi.org/10.1016/S1352-2310(97)00138-6�
http://dx.doi.org/10.1080/01431160500076616�
http://www.osc.edu/research/archive/pcrm/transport/hotspot_daytime.shtml�
http://www.osc.edu/research/archive/pcrm/transport/hotspot_daytime.shtml�
http://envis.maharashtra.gov.in/envis_data/�
http://dx.doi.org/10.1029/2001JD900099�
http://www-ramanathan.ucsd.edu/files/bc-testimony.pdf�
http://www.unep.org/pdf/ABCSummaryFinal.pdf�
http://dx.doi.org/10.1073/pnas.0500656102�
http://dx.doi.org/10.1080/00039890109604055�
http://dx.doi.org/10.1596/1813-9450-1860�
http://dx.doi.org/%2010.1016/j.atmosenv.2010.08.011�


Indian megacities as localities of environmental vulnerability from air quality perspective 

 

30 Journal of Smart Cities (2015)–Volume 1, Issue 1 

gion of Kolkata, India. Atmospheric Research, vol.84(1): 
30–41. 
http://dx.doi.org/10.1016/j.atmosres.2006.05.001. 

75. Kazimuddin A and Banerjee L M, 2000, Fighting for air. 
Down to Earth Magazine. 

76. Nagpure A K, Gurjar B R, Sahni N, et al. 2010, Pollutant 
emissions from road vehicles in megacity Kolkata, India: 
Past and present trends. Indian Journal of Air Pollution 
Control, vol.10(2): 18–30. 

77. Nagpure A S, Gurjar B R and Prashant K, 2011, Impact 
of altitude on emission rates of ozone precursors from 
gasoline-driven light-duty commercial vehicles. At-
mospheric Environment, vol.45(7): 1413–1417.  
http://dx.doi.org/10.1016/j.atmosenv.2010.12.026. 

78. Nagpure A S, 2011, Modeling of urban traffic emissions, 
PhD dissertation, Centre for Transportation Systems 
(CTRANS) & Department of Paper Technology, Indian 
Institute of Technology, Roorkee, viewed May 15, 2012. 

79. Nagpure A S, Sharma Ketki and Gurjar B R, 2013, 
Traffic induced emission estimates and trends (2000- 
2005) in megacity Delhi. Urban Climate, vol.4: 61–73.  
http//dx.doi.org/10.1016/j.uclim.2013.04.005. 

80. Nagpure A S and Gurjar B R, 2012, Development and 
evaluation of vehicular air pollution inventory model. 
Atmospheric Environment, vol.59: 160–169. 
http://dx.doi.org/10.1016/j.atmosenv.2012.04.044. 

81. Ramanathan V and Ramana M V, 2003, Atmospheric 
brown clouds: Long range transport and climate impacts. 
EM, vol.December: 28–33. 
<http://www-ramanathan.ucsd.edu/VRpdfFiles/EM_Pa
per_20031_final.pdf> 

82. Central Pollution Control Board, Ministry of Environ-
ment & Forests, Govt. of India, 2008, Epidemiological 
study on effect of air pollution on human health (adults) 
in Delhi, viewed March 5, 2012,  
<http://www.cpcb.nic.in/upload/NewItems/NewItem_16
1_Adult.pdf> 

83. World Bank, 2002, What do we know about air pollu-
tion?—India case study. South Asia urban air quality 
management briefing note; no. 4. Washington, DC: 
World Bank, viewed May 3, 2012, 
<http://documents.worldbank.org/curated/en/2002/03/1
768228/know-air-pollution-india-case-study> 

84. Garg A, 2011, Pro-equity effects of ancillary benefits of 
climate change policies: A case study of human health 
impacts of outdoor air pollution in New Delhi. World 

Development, vol.39(6): 1002–1025. 
http://dx.doi.org/10.1016/j.worlddev.2010.01.003. 

85. World Wildlife Fund, 2009, Mega-stress for mega-cities: 
A climate vulnerability ranking of major coastal cities 
in Asia, viewed May 3, 2012, 
<http://www.alnap.org/resource/7071> 

86. Dembowski H, 2001, Environment and politics in India, 
in Taking the State to Court: Public Interest Litigation 
and the Public Sphere in Metropolitan India, viewed 
May 12, 2012,  
<www.asienhaus.de/public/archiv/Chap4.pdf. 2001>  

87. Sahu G A, 2007, Environmental governance and role of 
judiciary in India. PhD thesis, Institute for Social and 
Economic Change, Bangalore, viewed June 7, 2012, 
<http://203.200.22.249:8080/jspui/bitstream/2014/8115/
1/Environmental_governance_and_role_of_%20judiciar
y_in_India.pdf> 

88. Department of Environment, Government of NCT of 
Delhi, and Delhi Pollution Control Committee, 2005, A 
case study of Delhi, viewed May 12, 2012, 
<dpcc.delhigovt.nic.in/pdf/cleanerair.pdf> 

89. Central Pollution Control Board, Ministry of Environ-
ment & Forests, Govt. of India, 2006, Air quality trends 
and action plan for control of air pollution from seven-
teen cities, viewed April 24, 2010, 
<http://cpcb.nic.in/upload/NewItems/NewItem_104_air
quality17cities-package-.pdf> 

90. Mukherjee A, Dey T K and Bhattacharyya A K, 1982, 
Cardiac pathology in classical and marsmic kwashior-
kor. Indian Journal of Pathology and Microbiology, 
vol.25(3): 207–212. 

91. Nagpure A S, Gurjar B R and Martel J C, 2014, Human 
health risks in national capital territory of Delhi due to 
air pollution. Atmospheric Pollution Research, vol.5: 
371–380. 
http://dx.doi.org/10.5094/APR.2014.043. 

92. Gurjar B R, Nagpure A S and Kumar P, 2015, Gaseous 
emissions from agricultural activities and wetlands in 
national capital territory of Delhi. Ecological Engi-
neering, vol.75: 123–127. 
http://dx.doi.org/10.1016/j.ecoleng.2014.11.052. 

93. Babaee S, Nagpure A S and DeCarolis J F, 2014, How 
much do electric drive vehicles matter to future U.S. 
emissions? Environmental Science and Technology, 
vol.48(3): 1382–1390. 
http://dx.doi.org/10.1021/es4045677. 

 

http://dx.doi.org/10.1016/j.atmosres.2006.05.001�
http://dx.doi.org/10.1016/j.atmosenv.2010.12.026�
http://dx.doi.org/10.1016/j.atmosenv.2012.04.044�
http://www-ramanathan.ucsd.edu/VRpdfFiles/EM_Paper_20031_final.pdf�
http://www-ramanathan.ucsd.edu/VRpdfFiles/EM_Paper_20031_final.pdf�
http://www.cpcb.nic.in/upload/NewItems/NewItem_161_Adult.pdf�
http://www.cpcb.nic.in/upload/NewItems/NewItem_161_Adult.pdf�
http://documents.worldbank.org/curated/en/2002/03/1768228/know-air-pollution-india-case-study�
http://documents.worldbank.org/curated/en/2002/03/1768228/know-air-pollution-india-case-study�
http://dx.doi.org/10.1016/j.worlddev.2010.01.003�
http://www.alnap.org/resource/7071�
http://203.200.22.249:8080/jspui/bitstream/2014/8115/1/Environmental_governance_and_role_of_%20judiciary_in_India.pdf�
http://203.200.22.249:8080/jspui/bitstream/2014/8115/1/Environmental_governance_and_role_of_%20judiciary_in_India.pdf�
http://203.200.22.249:8080/jspui/bitstream/2014/8115/1/Environmental_governance_and_role_of_%20judiciary_in_India.pdf�
http://cpcb.nic.in/upload/NewItems/NewItem_104_airquality17cities-package-.pdf�
http://cpcb.nic.in/upload/NewItems/NewItem_104_airquality17cities-package-.pdf�
http://dx.doi.org/10.5094/APR.2014.043�
http://dx.doi.org/10.1016/j.ecoleng.2014.11.052�
http://dx.doi.org/10.1021/es4045677�

	REVIEW ARTICLE
	Indian megacities as localities of environmental  vulnerability from air quality perspective
	Bhola R. Gurjar1 and Ajay S. Nagpure2*
	1 Department of Civil Engineering, Indian Institute of Technology Roorkee, Roorkee-Haridwar Highway, Roorkee, Uttarakhand 247667, India
	2 Center for Science, Technology and Environmental Policy, Hubert H. Humphrey School of Public Affairs, University of Minnesota, Minneapolis, MN 55455, United States
	1. Introduction
	2. Air Pollution in Megacities and Climate Change
	3. Sources of Air Pollution and GHGs Emissions in Indian Megacities
	Black Carbon Emissions and Sources in Indian Megacities

	4. Impact of GHGs Emission and Air Pollution in Megacities
	4.1 Environmental Vulnerability
	Impact of Black Carbon
	4.2 Health Impacts
	4.2.1 Total Mortality
	4.2.2 Respiratory Mortality
	4.2.3 Cardiovascular Mortality
	4.2.4 Hospital Admissions due to Chronic Obstructive Pulmonary Disease (COPD)
	4.3 Socio-economic and Political Implications of Air Pollution

	5. Evaluation of Air Pollution and Climate Change Mitigation Strategies in Megacities
	6. Challenges and Opportunities of Climate Change and Air Pollution Mitigations in Megacities
	7. Conclusion
	The Max Planck Society, Munich, and the Max Planck Institute for Chemistry, Mainz, Germany, have supported this study through the Max Planck Partner Group for Megacities and Global Change established at Indian Institute of Technology Roorkee, India.
	References



