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Atmospheric aerosols are important from a perspective of ambient air pollution and health to humans
and other biological receptors as well as for potential
effects on local weather and global climate. This
review attempts to account for the different research
efforts of individual research groups and regulatory
agencies in India on the issue of atmospheric aerosols
and their effects. The review refers to representative
studies reporting the physical characterization (size),
chemical composition (organic and inorganic), radiative forcing effects and health effects of aerosols.
There are several reports on source apportionment
studies identifying sources of aerosols and some focus
on specific issues. The review also points out a significant need for more data with a greater spatial and
temporal resolution for better understanding of the
dynamics of atmospheric aerosols in the Indian context.
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Introduction
ATMOSPHERIC aerosols are broadly defined as dispersions
(or suspensions) of solid or liquid in the atmosphere. The
term particulate matter (PM) is commonly used to represent the solid phase suspended matter in the atmosphere.
In environmental engineering literature, the term aerosol
and PM are often interchangeably used even though the
term aerosol has a broader definition and scope. These
aerosols are derived from a wide range of natural and
anthropogenic sources on earth and within the atmosphere.
The study of aerosols in the atmosphere from an environmental and public perspective has been in vogue for
the last several decades and has been brought into the
focus especially due to effects that are global in scale.
The effects of atmospheric aerosols are also closely
linked with the fate and transport of gas-phase components in the atmosphere. Some of the fundamental issues
underlying the behaviour of atmospheric aerosols and
their interaction with gas-phase components and the surrounding environment are compiled in some excellent
treatises, which are now widely used as textbook material
in courses related to atmospheric aerosols and chemistry1–4.
In addition, there are a number of reviews on the
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current trends in aerosol science as applicable to processes in the atmosphere. Some of these reviews focus on
specific issues of atmospheric aerosols. These include the
characterization of organic components in atmospheric
aerosols5,6, on-line aerosol measurements techniques7,
chemistry of secondary aerosol formation8, interaction of
natural aerosols with the planetary system9, impact on
regional weather10–14, natural aerosols15, and surface reactivity and chemistry of aerosols16.
The study of atmospheric aerosols has two common
general objectives: (i) direct impact on public health as a
result of exposure near the surface of earth and (ii) role in
the atmospheric chemical and physical processes and
their consequent possible effects on local and global climate. For either of these, the first step is to gather a large
volume of physical data related to the ambient atmosphere. In its simplest form, this data may be the concentration of aerosols, their size and composition as a
function of location and time. Time-series datasets can
give valuable information about the seasonal variation
and also the statistical variability of this data as a function of local meteorology. Direct interpretation of the
concentrations can determine if the levels of aerosols in
ambient air meet or exceed the ambient regulatory standards. The temporal scale of the time-series data also
determines the applicability of the data for specific objectives. Real-time or near-real-time data is useful in gathering information about events related to the fate and
transport that occur at very short timescales, whereas
time-averaged data can give information that is useful for
a different set of data objectives such as receptor exposure levels. In combination with knowledge of pollution
sources and characteristics and meteorology in a given
region, one can also determine the relative contribution
(source apportionment) of various known sources in the
region. If this information is statistically defensible, it
may be used to formulate or modify public policy and
regulation. In general, the pattern of aerosol behaviour or
dynamics observed in one part of the world may also be
observed in a different part of the world. However, often
there are specific regional patterns that may be useful to
understand the local behaviour of aerosols (and atmospheric pollutants, in general) and provide valuable insight
into the processes affecting local and regional pollutant
dynamics.
Following this approach, there have been a number of
studies on atmospheric aerosols in India. This review
aims at highlighting some of the important aspects that
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have been addressed in studies conducted in India. In
this process, the attempt is also to point out some critical
gaps in data and analysis with reference to the study
of aerosols in the Indian context. The review is arranged
on the basis of some of the points raised above and discusses some of the works conducted in the last decade
or so.

Ambient aerosol measurements
The measurement of aerosols in the ambient environment
can be accomplished with a variety of objectives which
define the scope, methodology and analysis of the data
collected. The following discussion looks at some of the
data collected in different campaigns.

Size-based PM measurements
The primary interest in these measurements is to monitor
the mass concentrations of suspended matter in ambient
air as a direct indicator of the potential hazard to human
health. This is also the most commonly found atmospheric aerosol data in the literature on ambient air. Currently regulatory agencies all over the world have
designated several particle sizes and issued ambient airquality standards. These are PM10 and PM2.5, where the
subscript refers to the particle size represented as an
aerodynamic diameter (in microns) cut-off limit. For
example, PM10 refers to a concentration of PM with an
aerodynamic diameter lesser than 10 μm. These are also
based on the penetrability of certain particle sizes into the
respiratory system. Evidence of this is obtained either
through direct physiological observation or inferred from
epidemiological data correlating PM exposure to health
effects.
Currently the regulatory standards, for PM10 and PM2.5
in ambient environments in India are 100 and 60 μg/m3
respectively17. Additionally, another representation of
comparison with regulatory standards is the air quality
index (AQI), which is a colour-coded tool that is intended
to indicate to the general public the extent to which the
ambient air quality has exceeded the regulatory limit. The
colours green, yellow, orange and red represent good air
quality, moderate air quality, unhealthy for sensitive
groups and unhealthy for all groups. For PM2.5, concentrations of 0–15.4 μg/m3 is considered to be good (green);
15.4–35.5 μg/m3 is considered to be moderate (yellow);
35.5–55.4 μg/m3 is considered to be unhealthy for sensitive groups (orange) and 55.4–140.4 μg/m3 is considered
as unhealthy for all groups (red). Concentrations exceeding 210 μg/m3 are considered to be hazardous. Correspondingly the AQI is also indicated numerically as 0–50
for good, 51–100 for moderate, 101–150 for unhealthy
for sensitive groups, 151–200 for unhealthy for all groups
and > 300 for hazardous rating.
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One of the most commonly used method to collect
PM10, PM2.5 and PM1.0 is the time-averaged method using
a high or low volume sampler which intercepts the
desired size PM on a filter medium. The mass collected
on the filter medium is measured gravimetrically using a
4-digit or 7-digit balance. The reported values of PM
require the flow rate to be measured as well. Different
impactors and flow rates are used for PM10, PM2.5 and
PM1.0 collection. A variation of the PM10 sampler is the
respirable dust sampler (RDS) that uses a mini-cyclone
instead of an impactor plate (as in the case of PM
samplers) to achieve the desired size cut-off, and is
designated as a respirable suspended PM. While the gravimetric instruments mentioned above provide physical
data measurements directly in terms of mass, the timeaveraging that is required to observe the mass collected
on the filter media requires relatively high sampling time
ranging from 4 to 24 h for ambient air-quality monitoring. Time-averaged measurements are useful in evaluating general trends in ambient air quality in a given region
or a season, and for comparing trends between regions.
Multichannel speciation samplers are also used to collect
PM samples, especially when a multi-component chemical analysis of the sample is the objective. Up to four
channels of PM samplers are operated simultaneously
with different filter media suitable for the analysis of
different chemical species.
Lower timescale measurements are useful in evaluating
specific events in an environment. To accomplish this,
there are other instruments that use indirect methods to
estimate PM concentrations. One of these is the betagauge monitor which uses a signal attenuation between a
beta radiation source and a detector with the collection of
PM on a filter paper. The size cut-off is still achieved
using an impactor plate at the inlet of the sampling device. The sensitivity of the measurement requires a lower
mass on the filter paper and consequently, the sampling
time is much lower compared to gravimetric measurements using traditional PM samplers. A calibration between the attenuated signal and actual mass concentration
must be obtained. An oscillating microbalance technique
is also used in the measurement of PM.
A very popular technique of measurement of PM is
using an optical method of laser scattering. These instruments can be operated in a mode to collect a single particle size or multiple size ranges continuously. The output
is a number concentration that is converted to a mass concentration using some information or assumptions about
particle shape and density. These instruments are useful
for measuring almost real-time analysis of PM. Typically,
there is a filter at the exit of the air stream in the instrument to physically collect the PM. This filter can be analysed to check for the integrated mass measurement or for
chemical analysis.
A particle size distribution is sometimes desired to
evaluate the size characteristics in a specific environ441
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ment. This may be ambient air or specific occupational
environment. The most commonly used size-fractionating
equipment is the cascade impactor. This works on the
same principle as the regular PM samplers, but has a
series of impactors and collection surfaces which allow
the classification of different sizes. The range of sizes
depends on the number and type of impactors. Typically
the size fractions reported are mass fractions and are gravimetric in nature. In this category there are personal cascade impactors that are highly portable and have
miniaturized impactors and collection plates.
In general, PM in the atmosphere can be classified on
the basis of their mode of formation as coarse, accumulation and nuclei3. Coarse-mode particles are generated
from activities that cause resuspension of solids from the
soil or other surface materials due to wind or vehicleinduced turbulence and erosion or attrition arising from
the contact of two solid surfaces in a process, such as
movement of vehicle tyres on road surfaces. Coarse-mode
aerosols are also generated from the drying of sea spray
consisting on salt particles. In these cases, the PM that is
suspended in the atmosphere has the primary composition
of the material that was present as a solid (or aqueous
droplet in the case of sea spray) in the environment. The
nuclei-mode particles are formed by the condensation of
material present in the vapour phase to form a solid
phase, or on the surface of an exiting solid-phase nucleus.
The accumulation-mode particles are formed from the
aggregation of nuclei-mode particles and are not large
enough to settle easily in the atmosphere, and therefore,
have a very long lifetime in the atmosphere compared to
the coarse-mode particles. Generally, the transition
between the accumulation mode and the coarse mode is
between 1 and 3 μm, whereas the nuclei mode starts
around 10 nm.
Based on the above definition, PM10 is considered as
coarse mode, whereas PM2.5 is considered as fine particulates and in accumulation mode. Ultrafine PM is generally
designated as PM below an aerodynamic diameter of
about 300 nm (ref. 3). Currently there are no regulatory
guidelines or standards for ultrafine PM in ambient air.
Particles in the nanometer size range are formed in
vehicular exhaust and grow to larger sizes due to condensation of other gases in the exhaust or in the atmosphere
as the exhaust cools away from the tailpipe of the vehicle.
At this size range it is more practical to express the PM
magnitude as a number concentration rather than as a
mass concentration. The most commonly used instrument
in this category is the scanning mobility particle sizer
(SMPS). This instrument consists of two segments – a
particle-classifying device and a size-measuring device.
The particle-classifying device is usually a differential
mobility analyser (DMA), which uses the electrical
mobility of particles to separate them and then a condensation particle counter (CPC) is used to count the particle
by an optical method. These instruments also provide
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almost real-time data with reasonably low particle losses.
These instruments have been used in a wide variety of
scenarios to understand the fate and transport of ultrafine
PM from different sources.
Field measurements: The regulatory agencies that have
the primary task of enforcing environmental quality have
also taken the responsibility of measuring these parameters on a regular basis. The Central Pollution Control
Board (CPCB) has embarked upon a very large programme, National Air Quality Monitoring Programme
(NAMP), to monitor and report some of the priority air
pollutants to the general public. Under this programme,
there are a large number of monitoring stations all across
the country. Details of this programme are available at
CPCB website17. Some of these stations have been continuously monitoring the pollutants and are equipped with
instrumentation that can provide very short timescale
data. The PM monitors in these automated stations are the
beta-gauge attenuation monitors. The data from these
monitoring stations are reported at the NAMP website. In
addition to CPCB, the State Pollution Control Boards
also monitor the air quality in different cities and display
their data at several locations, or in local newspapers in a
city for the benefit of the general public. The PM data
that are currently collected include the total suspended
particulate matter (TSPM), which has a cut-off of around
100 μm, PM10, PM2.5 and respirable suspended particulate
matter (RSPM). The CPCB has also recently completed
an exhaustive six-city source apportionment study. The
reports pertaining to this study are available at the CPCB
website18. The study was conducted in six cities –
Bengaluru, Chennai, Delhi, Kanpur, Mumbai and Pune.
As part of this study, a large amount of data was collected
at seven different locations in a each city corresponding
to kerbside, industrial and residential sites, and in
three different seasons for a period of at least 20 days at
each location and season. PM10 and PM2.5 were collected
along with RSPM and TSPM. Though the focus of the
study was source apportionment, the large dataset that
exists can also be used potentially for other analyses as
well.
One of the major source of ambient aerosols in an
urban environment is vehicles of different types19. The
primary emissions from vehicles result from the combustion of different types of fuel – petrol, diesel, liquid
petroleum gas (LPG) or compressed natural gas (CNG).
Changes in fuel types are usually based on a large ambient aerosol measurement campaign conducted locally or
adapted from observations elsewhere in a different environment. An example of this is the change in the policy to
convert most public transport vehicles in New Delhi to
CNG from petrol or diesel based on studies of the ambient aerosol data20,21. Measurements that were conducted
after a significant amount of time after the policy implementation indicate the changes in aerosol concentrations
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brought about by the policy change22–25. Though these
studies do not unequivocally determine the effectiveness
of the policy change, the data from these reports provide
useful insights into the complexity of the problem. For
instance, one of the offsetting factors for change in fuel
type is the increase in the number of vehicles on the road
since the policy change. Exposure to aerosols from other
household combustion activities such cooking with biofuels or wood in rural or semi-urban areas is a matter of
concern from a personal health perspective.
There have been a number of studies that look at the
exposure to aerosols and related constituents for people
engaged in cooking with solid biofuels. In a study conducted in approximately 400 rural homes in Andhra
Pradesh, the concentration of PM10 was found to be significantly higher for wood and dung compared to gas and
kerosene. The mean 24 h PM10 concentrations were in the
range 73–732 μg/m3, with the lower end of the range
attributed to gas fuels26. In similar studies reported in
Tamil Nadu, the average PM10 concentrations were
reported as 500–2000 μg/m3 (ref. 27). In this study, it was
also reported that the estimated 24 h exposure level from
biofuel burning was in the range 231 ± 109 μg/m3 for
those involved in cooking and 90 ± 21 μg/m3 for those
not involved in cooking, but in the same household. In a
study to measure fine PM indoors in 11 households at
two urban centres in India, particle number concentrations of more than 300,000 cm–3 and mass concentrations
of more than 1000 μg m–3 were detected. These were attributed to the biofuels and the poor ventilation of kitchens in most of these cases28. In another study, it was
found that the particle size of aerosols associated during
the cooking process was in the accumulation mode in the
0.1–0.3 μm size range, in contrast to indoor PM in the
1.0–2.0 μm size range during the non-cooking period.
During the frying process, the droplet was found to be
coarser in the 0.7–1.0 μm range (ref. 29). In this context,
there have been a few collaborative initiatives with several prominent industrial houses and individuals who
have come up with ideas of novel cooking stoves that
reduce the amount of exposure by improving the combustion process. Studies of this nature are also useful in
directing public policy in terms of investment in the
development of better combustible biofuels or in the
design of efficient and inexpensive stoves. Field sampling
of cookstove emissions was conducted in two rural locations in India, where PM2.5, particulate surface area concentration in both tracheobronchial and alveolar regions
along with carbon monoxide (CO) were measured in 120
households and two roadside restaurants30. Novel indices
for the performance of traditional and improved stoves
were evaluated and presented in this study. Other studies
correlate the use of biofuels and stoves to decreased lung
function31,32.
There are a number of studies that have observed time
series of ambient PM and ultrafine data at different locaCURRENT SCIENCE, VOL. 102, NO. 3, 10 FEBRUARY 2012

tions in India. Some of these studies report specific
relationships between vehicular traffic patterns and ambient concentrations. In an estimation conducted using
published data around 2000, Chennai city emitted about
7 tonnes/day of PM (ref. 33). In most cases, there was a
correlation of the ambient measurement at a particular
location with traffic flow, composition and intensity
parameters34–40. Common analysis includes the estimation
of the ambient concentrations using emission factors and
count data for vehicles. In other interesting studies, the
focus has been on the exposure for drivers, especially
two-wheelers (scooters and motorcycles) and autorickshaws. Measured exposure concentrations for an
average of data collected from 60 measurements sets
were 190 μg/m3 for PM2.5, 42 μg/m3 for black carbon
(BC) and 280 × 103 particles/cm3 (ref. 41). The in-vehicle
concentrations were significantly higher than the ambient
measured concentrations for these indices. Mean RSPM
levels were measured as 370–2860 μg/m3 (ref. 42). Both
these studies were conducted in different locations
in Delhi. This information is very useful for the design
of protection devices for two-wheelers and also other
transportation design aspects, such as designating
lanes for different vehicles. This information on twowheelers is also applicable to cars in India, especially
the small-sized ones. The transport of aerosol and gasphase pollutants in the microenvironments of autorickshaws and cars with open windows would be useful
information.
There are a vast number of studies that look at different
types of applications, which are difficult to categorize.
Nevertheless, these are valuable data that may be useful
in gaining better understanding of the processes. A
few studies look at the contributions of ultrafine PM in
ambient aerosols. In addition to presenting the mass and
number concentrations, this also presents the correlation
between both, since mass concentration measurements
are relatively cheaper. The study reports that the correlation fails after the mass concentration increases beyond
300 μg/m3 possibly, beyond which it decreases20,43. Aerosol concentrations were measured in a ostensibly pristine
environment such as the Himalayas. In the Kullu–Manali
region, measurement of 24 h average value of ultrafine
particles of three size ranges is 18045 ± 1212, 16811 ±
2790 and 15407 ± 3109 N/cm3 respectively, indicating an
influence of traffic44. In a much more remote Himalayan
site, the 1 h-average total number concentration varied
between 220 and 27300 N/cm3, indicating transport of
fine particulates from other locations45. There are other
measurements that show size distribution and composition46–50 in various urban scenerios, in urban commercial
activities such as shipping harbours51, and agricultural
activities52. Another focus of aerosol and air-quality
measurement studies is to investigate the impact on
historical monuments that are important tourist centres,
as is the case with the Taj Mahal in Agra53.
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Among the India-centric events that generate significant amount of aerosol in the urban environment is the
festival of Diwali. There are a number of studies that
have measured emission from a variety of firecrackers
during an intense period of combustion activities at different levels on and off the ground. A study conducted in
Lucknow in 2005 showed 24 h average PM10 concentration for Diwali day to be 753 μg/m3, which was 2.5–5.7
times higher than the average pre-Diwali measurement.
Also the 12 h average night-time value of PM10 was
1206 μg/m3, which was four times higher than the daytime 12 h average54. In another study in Delhi, the 24 h
average PM10 measurement was 317.2–616.8 μg/m3 (ref.
55). Another study measured the concentration of metals
in the aerosols as a result of fireworks in Hyderabad56 and
Delhi57. There are other local festivals that involve burning of fireworks, but on a smaller scale than is the case
with Diwali.
The apparent increase in the number of incidences of
dense fog formation (especially in North India) causes
severe disruption of commercial activity, air traffic and in
some severe cases, even road and rail traffic. Fog forms
on an aerosol seed that then allows condensation of water
vapour for the growth of the particle until the size and the
water content become sufficiently large to cause a reduction in visibility. If an increase in the intensity and incidence of fog is observed, it is possible that the increase is
triggered by the increased presence of hygroscopic aerosols in the atmosphere. Since this is of great interest in
some parts of the country, several studies have focused
on this aspect58–61. These studies have looked at the correlation between the aerosols observed, and the formation,
intensity and characteristics of the fog water (chemical
constituents).

Chemical composition of aerosols
The understanding of the chemical composition of atmospheric aerosols is important for three main reasons: (i)
better understanding about the possible sources of the
aerosol in the atmosphere, (ii) basis for the hypothesis of
various atmospheric chemical and physical processes and
(iii) information regarding the potential toxicity and
health impacts from specific constituents of aerosols. The
chemical composition therefore plays a critical role in the
determination of the final size of the aerosol during its
residence time in the atmosphere.
The type of instrumentation that is used for the analysis
of chemical composition depends on the type of species
that one is interested in probing. PM samplers used for
the collection of aerosols for mass concentration can be
used for a limited set of analysis. Standard methods exist
for the analysis of each of the organic and inorganic constituents associated with aerosols. The United States
Environmental Protection Agency (USEPA) has a good
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compendium of recommended analytical methods for
each class of chemical62 and in the EPA-SW 846 series of
methods.
Inorganic elements: Metals associated with aerosols,
for most part, are formed from attrition and therefore of
the coarse mode. There are cases of very high temperature processes where the metal is molten or vapourized
and then cooled to form condensed aerosol particles.
There are a number of studies that have measured metal
concentrations in an urban ambient atmosphere for a
various end-uses63–72. The six-city source apportionment
study conducted by the CPCB has large datasets of metals
associated with aerosols18. These studies look at the average metal concentration in aerosols from activities that
are sustained and therefore represent a near-steady-state
input to the lower atmosphere, where most of the human
exposure occurs. These sources are usually a combination
of vehicles, commercial and construction/demolition
activities. These measurements also showcase the applicability of a variety of analytical instruments available for
analysis of including atomic absorption spectroscopy
(AAS), inductively coupled plasma–atomic emission
spectroscopy (ICP-AES), inductively coupled plasma
mass spectrometry (ICPMS), X-ray fluorescence and
scanning electron microscopy (SEM) using energy or
wavelength dispersive spectra (EDS or WDS). As mentioned earlier, during Diwali, the aerosol concentrations
are high and large fractions of these aerosols are metalbased particles that impart the different colours54–57.
There are other studies that look at specific environments
and the levels of aerosol concentration in them such as
indoor–outdoor exchange73, mercury emissions from
power plants74, and measurements in pristine environments indicating long-range transport of pollutants from
nearby polluting regions75.
Ions: A large number of studies focus on the presence
of ions in the aerosols. These ions can also indicate the
source of a particular chemical constituent and therefore
the process that contributes to the source. Some ions are
absorbed or adsorbed in the aerosol in their original form,
whereas some undergo transformation on the surface of
the aerosol, especially in the presence of water. Sea-water
spray contains ions in solution and produce salt aerosols
as the water evaporates. In relatively humid regions, water condensation can occur on certain types of aerosols,
thus contributing to the ionic chemistry associated with
the aerosol1. Campaigns looking at an overall ionic composition in urban areas are spread all over the country as
in the case of the metals67,71,76–85. These analyses are usually done with the extraction of the ions from the filter
media (Nylon or Teflon) with water followed by analysis
of the cations and anions separately using ionchromatography. The six-city source apportionment study conducted by the CPCB has large datasets of ions associated
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with aerosols18. There are reports of alternative analytical
methods such as the one using Raman spectroscopy85.
Ionic chemistry occurs at very short timescales compared
to the time-averaged filter-based collection of aerosols.
Since all these measurements are not on-line or real-time,
they provide information regarding the average state in
most cases. Some studies look at the ionic composition in
pristine environments such as the Himalayas, again either
highlighting a background natural concentration of ions
or long-range transport of aerosols86,87. There are some
reports studying interaction of ions leading to the transformation or growth of aerosols and their potential impact
on the environment88–90. There are a number of studies
that focus specifically on the chemistry of a particular ion
or a group of ions that pertain to a certain process. Ions of
sulphur and nitrogen are some that have been prominent
in studies53,91–94. These studies have great significance in
the chemical cycling in local environments. An example
of ionic chemistry in aerosols is in fog droplets. A large
amount of literature is available studying the chemistry of
fog water, where interactions are possible between the
seed aerosol–water and the water–air interfaces. A few
studies in India have focused on the ion chemistry of fog
waters as well60,61.
Polyaromatic hydrocarbons: These constitute a class of
compounds that take prominence in aerosol organic composition as they are formed from combustion of many
common solid fossil fuels and wood. Some of these are
potential carcinogens and owing to their hydrophobicity,
they tend to be present on PM suspended in the atmosphere. A number of studies have looked at the monitoring
of polyaromatic hydrocarbons (PAHs) in the atmosphere
in an urban environment95–97, interaction between gas
phase and PM98, emissions during specific events54, and
atmospheric deposition of PAHs99. The preferred method
for PAH analysis is by extraction of the aerosol collection
medium (preferably quartz or glass fibre filter with low
organic binder) with an organic solvent such as dichloromethane or hexane followed by sample clean-up and
chemical analysis by GC-MS.
Other organic constituents: The chemical analysis with
GC–MS of aerosol samples reveals a wide range of
chemicals from aliphatic hydrocarbons and derivatives,
aromatic compounds and their derivatives, organic acids
and esters, alcohols, ketones, aldehydes, amides and other
specific compounds. This type of scan of chemicals in
PM gives valuable insight to the sources of various
chemicals. Organic compounds associated with aerosols
are derived from a range of natural and anthropogenic
sources. A large number of alkanes and organic acids
appear in aerosol samples from natural sources as well.
For this reason, the analysis of molecular markers for
specific sources is measured to look for signatures of
specific sources. A number of studies are exploratory in
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nature, trying to understand the organic aerosol composition100–102. The six-city source apportionment study conducted by the CPCB has large datasets of molecular
markers and source profiles associated with aerosols18.
There are specific markers whose chemical analysis is
difficult because they are in trace levels and therefore require more expensive methods of analysis. One such
chemical species are the dioxins, which are formed from
combustion of specific solid waste components103. One of
the significant components of this type of molecular
marker analysis is the chemical characterization of different types of PM identified from different sources. This
provides a source profile that will be useful in linking
constituents in ambient air to a particular source. Studies
to characterize source profiles are also carried out104.
There are other studies that pick out a specific species
from a group of species identified in an attempt to look
for dependencies on other parameters in the environment101,102,105–108.
Black carbon or elemental carbon: This species of elemental or black carbon (EC/BC) is one of the highly
measured components in the atmosphere. There are two
applications of the EC/BC data: (i) in estimating the relative contribution of sources that generate BC (primarily
soot production from combustion sources) and (ii) their
impact on radiative forcing and the consequent impact on
regional weather patterns. One of the instrumental techniques available for the analysis of carbon on aerosols is
the use of thermal/optical reflectance carbon analyser
developed by the Desert Research Institute (DRI), Reno,
USA. One of the protocols developed by DRI109,110,
analyses the organic carbon (OC) fraction and EC using a
combination of temperature programming and optical reflectance measurements of PM on a quartz filter-paper
sample. The OC/EC ratio is often used to crudely characterize if the aerosol sample collected is dominated by a
combustion source, such as vehicles. A large set of
OC/EC/BC data is available for a number of locations in
India, pertaining to both urban and rural environments111–120.
In addition, the six-city source apportionment study conducted by the CPCB has large datasets of OC/EC measurements associated with urban aerosols18. Most of these
measurements are conducted using the DRI-OC/EC analyser.

Source apportionment
Closely linked to the chemical composition and total
mass measurements of aerosols in the environment is the
problem of apportioning source of these aerosols to obtain relevant public policy for the management of ambient
air quality. The apportionment of chemical constituents to
a source requires the knowledge of chemical constituent
targets, possible sources of these targets, source profiles
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(or chemical characterization of the source with respect to
each chemical constituent of interest), emission inventory
and ambient concentration of these target chemical constituents. Standard regulatory models such as the chemical mass balance (CMB) model are available to estimate
the relative contribution of each of the known sources.
This sort of analysis also gives some insight into sources
that might not have been taken into account. In addition,
other data-processing models are available and have been
developed that obtain correlations between observed data
and possible sources. These include positive matrix factorization (PMF), principal component analysis (PCA)
and other statistical receptor models. These models estimate the distribution of the components among one class
of aerosols whose mass concentration measurement is
available. For example, the source attribution of PM10
class of particulates. A number of source apportionment
studies have been reported in the Indian context. Some of
these look at the general urban scenario121–127, others look
at the methodologies of the source estimation and the
modification128–131. The six-city source apportionment
study conducted by the CPCB applies different techniques of source apportionment to the large sets of data
collected in association with urban aerosols18. Source
apportionment is a difficult task since the open atmospheric environment is complex and the analysis is
fraught with uncertainties. Chemical analysis of specific
signatures can be useful in getting specific information
about sources, if it is possible to obtain reliable data.

Effect on climate
One of the main focal points in recent decades has been
the effect of air pollution on regional weather patterns
and global effects such as greenhouse gas effect. One of
the key components in this discussion is the presence of
aerosols, especially BC on radiative forcing or altering
the amount of radiation received at a particular location
on the earth’s surface. There are a number of uncertainties in this regard, and consequently, there are global
inter-institutional programmes to measure the effects of
radiative forcing by aerosols132,133. Regional interest is
primarily from a point of view of prediction of the
weather patterns, especially the monsoons on which India
depends critically. Reports of local weather changes due
to large aerosol clouds lead to questions of pollution
sources, local regulation and management57. A large
number of independent and cooperative studies have
looked at aerosols in general and specific constituents in
the atmosphere134–142. One of the instruments used for this
purpose is the aethalometer, which is an optical device
that measures the intensity of aerosols. Some of the
measurements relate to an aerosol optical depth (AOD) as
an indicator of the aerosol. Energy budget over the
earth’s surface is calculated using these measurements
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and estimations of their composition. Some specific studies look at changes in optical properties in the atmosphere
as a result of specific events, such as large-scale combustion burning143.

Health effects
Health effects arising from exposure to PM or aerosols
have been widely reported and vary from mild respiratory
ailments to very severe chronic effects. The health effects
attributed to aerosols are mostly assessed by epidemiological studies from a small set of population or from hospital data of symptoms linked to occupational information
of the patients. There are a few examples of studies
where direct physiological evidence (whether in humans
or laboratory animals) is available for connecting aerosol
exposure to an ailment. Experiments were done by exposing rats with different doses of PM for different intervals
of time. Post-mortem analysis of the rats revealed an
increase in relative lung weight and inflammatory
changes144. The respiratory health of workers employed
in a municipal solid-waste disposal landfill facility was
monitored as a function of age, gender and socioeconomic conditions. In comparison to a control group,
the landfill workers had a higher incidence of symptoms
such as respiratory trouble and a host of other ailments.
Spirometry tests revealed impairment in lung function for
a significant section of these people. Sputum cytology
studies revealed other pathological evidences of deposition, inflammation or infection on different components
of the respiratory system145. Epidemiological studies have
also been conducted to correlate exposure to health effects. These usually require a large amount of data and a
statistical model for the correlation. One study looks at a
time-series analysis of short-term exposure of PM10 on
mortality rates. It was found that there was an increase of
0.44% in mortality rate per 10 pg/m3 increase in daily
average PM10 concentration146.
Spirometry tests for lung function were conducted on
school children ranging in age between 9 and 17 in Delhi.
Lung function was reduced by 43.5% in children in the
test group compared to 25.7% in the control group. Using
statistical models, PM10 in children was found to be associated with restrictive, obstructive or combined-type lung
function deficits147. Bioaerosol samples in the vicinity of
wastewater treatment plants indicated higher biological
particles in the air, including endotoxins and bacteria.
Workers in this wastewater treatment plant displayed
symptoms of respiratory disorders, gastrointestinal tract
infections, fatigue and headache. These symptoms are
typical of the response to endotoxins. The role of endotoxins associated with wastewater treatment plant emissions in inflammatory response was studied148. A study
was also conducted to investigate the effect of indoor air
pollution in buildings in New Delhi. Respiratory health
CURRENT SCIENCE, VOL. 102, NO. 3, 10 FEBRUARY 2012
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effects and sick-building syndrome on occupants living in
the inefficiently designed buildings with poor ventilation
were studied. The statistical study concluded that women
and children are more at risk compared to men. High
sick-building syndrome scores were reported in these
households due to poor design and the use of biofuels
indoors149.
Other studies simulating the effect of PM on tissue or
surface in the respiratory tract were also performed. One
such study simulated the effect of the particles emitted
from biofuel combustion the activity of surfactants present on the surface of the lungs and in other parts of the
respiratory tract. Experimental studies were performed
using model surfactants similar to those present in the
lungs and it was found that particles from wood combustion increased the minimum surface tension on the surfactant, indicating a dysfunction and a greater tendency of
alveolar collapse in vivo leading to respiratory distress150.
In another study, the efficiency of particle deposition in
the respiratory tract as the function of soluble component
present in the particle was simulated using a numerical
model. This study indicated that particles can also grow
up to twice their size due to water uptake during their
travel in the respiratory channels151.
There have been a number of studies that measure the
exposure of different groups of population to PM as a
function of occupation, location and socio-economic
background26,27,29–31. In combination with the healtheffects studies, these exposure studies are also valuable in
designing better tools for combustion, or better residential design, or a change in public policy.

Conclusions
A large body of aerosol work in India is focused on the
radiative forcing effect and on the effect on climate in the
region. There is also a reasonably large and growing set
of studies involved in aerosol characterization. Thought
this is done in a sporadic manner at different locations, it
has covered wide sections of the country. There has been
some research on specific issues that do not come under
the purview of ambient air quality, but those which focus
on the processes and mechanisms underlying the cause of
pollution. Though the general principles are known
through previous studies conducted elsewhere and available in the open literature, these focused studies help in
validating these principles in the specific cases as well as
identifying issues that are very specific to India.
In comparison to the United States, the amount of
ambient environmental data associated with air pollution
is relatively sparse. There have been a few large-scale
field campaigns for specific goals, with some success.
The biggest need at this time is the collection of reliable
data with good spatial and temporal resolution. The regulatory bodies such as CPCB and state PCBs have set out
in this direction and have embarked on a large-scale autoCURRENT SCIENCE, VOL. 102, NO. 3, 10 FEBRUARY 2012

mated gathering of data, which are expected to be in the
public domain and available for the integration of other
supporting studies. A large number of mechanistic information is available from field and laboratory studies in
the open literature. This information is used for most part
by regulatory agencies and researchers in India. However,
there are specific cases which are India-centric and cannot be obtained by extrapolation of observations elsewhere. Therefore, more abundant field data are
required. Data can be used to model and validate scenarios of pollutant behaviour in response to changes in policy
or pollution generation patterns.
Key to obtaining large datasets is the increase and upgradation of instrumentation for on-line analysis of aerosols and pollutants in general. A big difference between
the state of the science in aerosol literature in general and
the studies in India is the current reliance on techniques
of chemical characterization that are not real-time. One of
the problems this poses is the lack of resolution of
chemical trends that are short-term in scale. Therefore, it
is possible to miss the trend of chemical reactions in the
environment. There are a few ultrafine PM monitors that
have been used and reported in this review. On-line
chemical composition is a significant challenge. One such
example of a sophisticated on-line analysis tool is the
aerosol mass spectrometer (AMS). The AMS is an instrument that was developed to study real-time analysis
of organic species in aerosols along with particle size distributions152. There are several reviews of the application
of this instrument in the literature in different parts of the
world. In the detailed literature review that was conducted, the use of AMS was not found in India. A related
research and academic gap is the development of analytical equipment specific to aerosol research. A significant
indicator is the number of courses on aerosol physics and
chemistry offered across the country. Aerosol science as
an environmental science application academic discipline
is yet to be airborne in India. There needs to be a greater
thrust on academic courses focusing on aerosol chemistry
and physics in the environmental engineering curriculum.
General pollutant transport theories are well established and validated all over the world. There are, however, very specific local microenvironments such as that
in a busy urban road, where pollutant transport assessment
can lead to better prediction of exposure and risk. Field
experimental validation of such studies is challenging and
can be substituted by conducting studies in the simulated
environments such as wind tunnels. The simulation and
experimental validation of a large number of such studies
can be useful in the formulation of efficient strategies of
optimized, environmentally safe modes of transportation.
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