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SUMMARY

This thesis characterizes the mass and chemical composition of the fine particle air
pollution over several cities in South Asia and quantifies how major sources impact the observed
levels by using Chemical Mass Balance modeling with organic compounds as tracers. During
February 1999, as part of the INDOEX program, a study was conducted to measure the size
distribution and chemical composition of the fine particles in a remote island in Maldives off the
coast of India. We found that the fine particle concentrations were comparable to those found in
major cities in the United States, and were surprisingly high for a background site. 10-day
backwind trajectories pointed the source region towards the Indian subcontinent; other INDOEX
studies confirmed the presence of a thick haze layer over the Indian Ocean and the subcontinent
during the time of the experiment. Motivated by these findings, a detailed analysis of ambient
PM, s was carried out in Delhi, Mumbai, Kolkata, and Chandigarh—four cities located upwind
of the island in Maldives. Seasonality of the fine particle concentrations was observed in each of
these cities with the highest concentrations occurring during the wintertime and the lowest
concentrations during the summer. Size distribution and chemical composition of the fine
particle emissions from five Bangladeshi biomass (rice straw, coconut leaves, dried cow dung,
synthetic biomass log, and jackfruit wood) and three Asian coals (Bangladeshi, Indian, and
Chinese) were characterized and important source signatures were identified. Finally, recently
developed chemical tracer techniques were applied to the ambient samples from North India to
differentiate between the contributions from the many different source types. The emission
profiles and source signatures from the source tests conducted previously along with the ones

conducted using the Indian Subcontinent fuels were used as inputs to the model.

XXV



These results serve several purposes. First, they provide a description of the mass and
detailed inorganic and organic chemical characteristics of fine particulate matter conducted for
the first time ever in this region. Second, the source apportionment study will help to define the
relative importance of those sources that should be included within an air quality control
program. Chemical tracer techniques are particularly attractive for application in regions that
have not been studied previously because they are able to yield rapid insights into the causes of a
local air pollution problem before the completion of an accurate emissions inventory. Third, the
source tests results will prove useful in constructing and evaluating regional emission inventory
and assessing source impacts on air quality. Fourth, this work has been carried out with
collaborations from Georgia Tech and several other Indian research institutions where pollution
control personnel in India was trained in the operation of air sampling equipments that were left
for continued monitoring, thus contributing to technology transfer and knowledge transfer from

the US.
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CHAPTER-1

Introduction

1.1. Air Quality Problem in South Asia

The speed with which urban air pollution has grown in cities like Delhi, Mumbai, and
Kolkata, across the Indian subcontinent in the last decade is alarming [Aggarwal, 1999]. The
World Health Organization once ranked Delhi as the fourth-most polluted mega city of the world
[WHO-UNEP, 1992]. However, in Indian subcontinent, it is not just Delhi, but even small and
medium towns which are finding themselves in the grip of deteriorating air quality [CPCB,
1995]. Dehradun, located in the Himalayan foothills in western Uttar Pradesh, now often tops the
list of one of the most polluted places in urban India [CPCB, 1995]. So does Gajroula, a
relatively unknown little town of western Uttar Pradesh, India [CPCB, 1995]. Historically, Total
Suspended Particulate (TSP) levels in a number of South Asian cities have been high (CPCB,
1989; CPCB, 1991; CPCB, 1992; CPCB, 1993; CPCB, 1995]. In comparison, the ambient
concentrations of NO,, SO,, CO, and ozone have been relatively low, typically not exceeding the

WHO health-based guidelines [Aggarwal, 1999]. CO, NO,, and SO, can be elevated in mega



cities but the exceedances above internationally recognized air quality standards are not of the
magnitude observed for particulate matter [Aggarwal, 1999]. Large cities in India and Pakistan
appear to have very high concentrations of fine particles [World Bank, 2004]. Outside of these
countries, Dhaka in Bangladesh and Kathmandu in Nepal suffer from serious particulate air
pollution, the latter in part because of its topography (being located in a valley which traps

polluted air) [Begum et al., 2004; Carrico et al., 2003].

In response to the emerging scientific evidence that small particles are especially
damaging to health [Dockery et al., 1993; Pope et al., 2002], environmental agencies in
American and European countries began requiring monitoring of smaller particles, first with a
cut-point of 10 um aerodynamic diameter (PM;() and more recently with a 2.5 um aerodynamic
diameter (PM;s). Recently, several large cities in South Asia have begun monitoring PM;y and in
some cases also PM; 5. Consistent with high ambient TSP levels, the recorded levels of PM;( and
PM,; s have been found to be elevated [Begum et al., 2004, Carrico et al., 2003, NEERI, 2000,

Khaliquzzaman, 1997].

Because of the growing concerns about the adverse impact of deteriorating air quality,
governments from these countries over the years have implemented a number of policy measures
and initiatives to curb urban air pollution. One of the most successful policy interventions in this
regard is the gasoline lead elimination in South Asia [World Bank, 2004]. However, one crucial
question for formulating policy to combat urban air pollution is to identify the sources that are
contributing significantly to airborne particulate matter. This information is not available for

most cities in South Asia since detailed emission inventory with appropriate emission factors has



not been constructed so far. The popular perception is that vehicle exhaust contributes
significantly [Aggarwal, 1999]. As a result, much of the governments’ efforts have historically
focused on controlling emissions from vehicles. This has ranged from tightening fuel quality and
emission standards and promoting Compressed Natural Gas (CNG) to establishing a vehicle
inspection system [Aggarwal, 1999]. Five of the seven countries in the Indian subcontinent are
either in the process of establishing, or have already established and been operating, an emissions
inspection system [World Bank, 2004]. Yet in India, which has the longest history of such an
inspection system, it is widely acknowledged to be making little contribution to air quality
improvement [World Bank, 2004]. It has thus become very important to have accurate ambient
measurements in key cities, identify the major sources causing the air pollution problem, and
take stringent action in controlling the sources. However, because of the lack of key air pollution
measurements, scientists and policy makers are facing difficulty in improving the air quality
[Aggarwal, 1999]. The actual concentrations in the air and the mixture of sources that produce
this air pollution problem in a particular area will remain undetermined until detailed
measurements can be made. The work presented in this thesis has attempted to fill these gaps by
confirming the yearlong variability of the fine particle air pollution, and identifying as well as

quantifying the major sources responsible for this type of air pollution in four cities in India.

1.2. Public Exposure

Urban air pollution, primarily in the form of highly elevated ambient concentrations of

small particulate matter, poses a serious threat to the health of urban dwellers in many cities in



India [WHO-UNEP, 1987]. The most significant health effects of air pollution in South Asia are
associated with exposure to particulate matter and these are: premature death from heart and lung
disease, and chronic bronchitis, asthma attacks, and other forms of respiratory illness [Smith,
2000]. The analysis of the health benefits associated with air pollution reduction has made great
progress over the past 10—-15 years. Estimates of the health impact of air pollution are generally
obtained from epidemiological studies that are designed to determine relationships—referred to
as concentration-response (CR) functions—between air pollution and health effects in human
populations. The most extensive body of evidence for adverse health effects at ambient
concentrations that the general public is typically exposed to (as opposed to occupational
exposure) exists for particulate matter. Although quantification of health impact is testing, the
consistent findings across a wide array of cities, including those in developing countries with
diverse population and possibly diverse particle characteristics, strongly indicate that the health
gains indeed result from PM pollution reductions [World Bank, 2004]. The impact of PM
increases with decreasing particle size, with studies increasingly focusing on particles smaller
than 2.5 pm and even 0.1 pm (called ultrafines) [Dockery et al., 1993; Pope et al., 2002].
Particles larger than about 10 um are deposited almost exclusively in the nose and throat,
whereas particles smaller than 1 pum are able to reach the lower regions of the lungs. The
intermediate size range gets deposited in between these two extremes of the respiratory tract. A
statistically significant association has been found between adverse health effects and ambient
PM;y concentrations, and recent studies using PM,s data have shown an even stronger
association between health outcomes and particles in this size range [Dockery et al., 1993; Pope
et al., 2002]. Populations at risk from inhaled particles are those most susceptible to pulmonary

and heart diseases, infants and elderly people. A 1997 joint study of the World Health



Organization (WHO), the World Resources Institute (WRI) and the US Environmental
Protection Agency (EPA) estimated that nearly 700,000 deaths worldwide are related to air
pollution and that this number can escalate to 8 million deaths by 2020 (Working Group, 1997).
Occurrences of respiratory diseases in South Asia resulting from air pollution both indoors and
outdoors, is estimated to be quite substantial [Smith, 2000]. In each of the 23 cities with a million
plus population in India, air pollution levels exceed WHO standards. It has been estimated that in
India alone about 500,000 premature deaths are caused by indoor pollution, for mothers and their
children who are under 5 years of age [Smith, 2000]. Serious respiratory disease related
problems have been identified for both indoor and outdoor pollution in Indian cities like Kolkata,
Delhi, Lucknow, Mumbai, Ahmedabad, and in several other countries in East Asia including
China, Thailand and Korea. There is still inadequate knowledge of the relative effectiveness of
sub micron particles compared with larger particles, or the specific roles of black carbon and

organic carbon. Such studies need to be performed in the future.

1.3. Climate Effects

The problem of air pollution is no longer confined only at local scale. The new scenario
encompasses complex interlinkages of several issues, including air pollution, haze, smog, ozone

and global warming. Aerosol influences climate directly by the scattering and absorption of solar



their abundance, and the solar zenith angle [Seinfeld and Pandis, 1998]. The so-called indirect
effect arises if increases in aerosol number concentrations from anthropogenic sources lead to
increased concentrations of cloud condensation nuclei, which, in turn, lead to clouds with larger
number concentrations of droplets with smaller radii, which, in turn lead to higher cloud albedos
[Seinfeld and Pandis, 1998]. Particles can both scatter and absorb radiation; as particles become
increasingly absorbing versus scattering a point is reached, depending on their size and the
albedo of the underlying surface, where the overall effect of the particle layer changes from one
of cooling to heating. In addition, if the particles consist of a mixture of purely scattering
material, such as ammonium sulfate, and partially absorbing material, such as soot, the cooling
versus heating effect depends on the manner in which the two substances are mixed throughout
the particle population [Kiehl and Briegleb, 1993, Kiehl, 1994]. During INDOEX, a series of
experiments have been conducted to understand the indirect effect of the aerosol over the Indian
Ocean and a thick aerosol haze layer spreading all over the North Indian Ocean as well as over
South and Southeast Asia was discovered and its contribution to the regional climate forcing was

measured [Ramanathan et al., 2001a; Ramanathan and Crutzen, 2002].

1.4. Visibility Reduction

Visibility degradation is probably the most readily perceived impact of air pollution.
Visibility is reduced by the absorption and scattering of light by both gases and particles. Light
scattering by particles is the most important phenomenon responsible for impairment of

visibility. Visibility is reduced when there is significant scattering because particles in the



atmosphere between the observer and the object scatter light from the sub and other parts of the
sky through the line of sight of the observer [Seinfeld and Pandis, 1998]. This light decreases the
contrast between the object and the background sky, thereby reducing visibility. Scattering by
particles of sizes comparable to the wavelength of visible light (the Mie scattering range) is
mostly responsible for visibility reduction in the atmosphere [Seinfeld and Pandis, 1998].
Particles in the range 0.1 to 1 um in diameter are the most effective, per unit aerosol mass, in
reducing visibility. The brown haze characteristic of smoggy atmosphere is largely a result of
aerosol scattering. The Indian Ocean Experiment (INDOEX) has revealed that this haze is
transported far beyond the source region, particularly during December to April [Ramanathan et
al., 2001a]. The discovery during INDOEX of the so-called South Asian haze is clear evidence

of the magnitude of the aerosol pollution problem.

The results presented in this thesis, particularly the particle size distribution work
measured by the Micro-Orifice Uniform Deposit Impactor (MOUDI) will be very useful in

calculating and in understanding visibility problem in the Indian subcontinent.

1.5. Research Objectives

From the above discussion of the effect of particulate pollution, we realize the importance
of understanding and characterizing the mass, size distribution, and the chemical makeup of the
ambient fine particles in the Indian subcontinent. The principal objective of this research work is

thus to characterize this fine particle air pollution over the Indian subcontinent. A receptor-based



air pollution model which uses emissions data as well as the measured ambient data was further
used to identify and quantify the primary contributions of air pollution sources responsible for

the fine particle air pollution problem in this region.

Another objective of this work is to understand the emission pattern from burning
biomass samples typically used in this region as well as to characterize coal emission profiles.
This emission data are collected and analyzed by sampling techniques which are the same as
those used for the quantification of the ambient atmosphere [Hildemann et al., 1991a, 1991b].
The source testing work requires the use of a dilution source sampler which can dilute hot
exhaust emissions from combustion sources to near ambient temperatures and pressure prior to
sampling, such that the compounds in the cooled diluted exhaust are present at near their
atmospheric equilibrium distribution between the gas-phases and particle-phases [Hildemann et

al., 1989].

The results from this work can be useful at several levels. First, the baseline fine particle
air quality characterization study has documented the concentration and chemical composition of
the North Indian fine particle problem. Second, the source apportionment study has helped to
define the relative importance of those sources that should be included within an air quality
control program. Third, this work was carried out with collaborations from Georgia Tech and
several other Indian Research Institutions where pollution control personnel in India has
becoming trained in the operation of air sampling equipment, thus contributing to technology

transfer and knowledge transfer from the US.



1.6. Approach

To accomplish the work presented in this thesis, the following approach was followed:

1. A month-long study was conducted in a remote island off the coast of South India in a
small island, Kaashidhoo, located in the Republic of Maldives. The fine particulate
matter found in this work was surprisingly high, and trajectory analysis showed the
source region to be the Indian subcontinent which is located immediately upwind. To
understand the ambient fine particle air pollution in this region, a year long (months of
March, June, October, and December) ambient monitoring study in three major Indian
cities (Delhi, Mumbai, and Kolkata) and an upwind site (Chandigarh) was conducted.
Detailed mass and chemical analysis provided a baseline fine particle air pollution for

this region.

2. The size distribution and chemical composition of particles emitted from the smokes of a
variety of Indian subcontinent biomass fuels (jackfruit wood, cow dung, synthetic fuel,
rice straw, and coconut leaves) and coals (from India, Bangladesh, and China) have been
characterized. The results of these source tests provided the particle emission profiles and

the source signatures needed for the chemical tracer method.

3. Recently developed chemical tracer techniques have been applied to the ambient samples
from North India to differentiate between the contributions from the many different
source types. The emission profiles and source signatures from the source tests conducted
by Schauer et al. [1996, 2000] along with the ones conducted using the Indian

subcontinent fuels have been used as inputs to the model. These Chemical Tracer



techniques are particularly attractive for application in regions that have not been studied
previously because they are able to yield rapid insights into the causes of a local air

pollution problem before the completion of an accurate emissions inventory.

1.7 Outline of Thesis

This section provides an overview of the research presented in the following chapters.
This thesis is divided into seven chapters. The second chapter comprises the work conducted
during the INDOEX experiment and discusses the fine particle mass and chemical composition
as well as the size distribution of the aerosol found over a small island in the Republic of
Maldives off the coast from India [Chowdhury et al., 2001]. The results obtained during this
experiment have been used to conduct light scattering calculations [Eldering et al., 2002] as well
as to achieve closure between measured CCN spectra and the CCN spectra calculated on the
basis of measured aerosol number distributions and measured chemical composition [Cantrell et
al., 2001]. The detailed model of aerosol light scattering and absorption from Eldering et al.
[2002] was driven by the measurements of the size distribution and chemical composition of
airborne particles sampled using cascade impactors reported in chapter two of this thesis. Models
for both an internally mixed and externally mixed aerosol were considered, and the relative
importance of the different chemical species to the atmospheric light extinction coefficient was
presented for the externally mixed aerosol case. Light scattering and absorption by particles were
calculated from Mei theory, which requires real and imaginary refractive indices and aerosol size
distributions. The method of calculating refractive indices and light scattering has been discussed

previously in Larson et al. [1988], Eldering et al. [1994], and Eldering et al. [1993]. In the paper
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from Eldering et al. [2002], comparison were made to direct measurements of light scattering,
light absorption, single scattering albedo, and growth in scattering as a function of relative
humidity. Light scattering coefficients were predicted to within a few percent over relative
humidities of 20 to 90%. Single scattering albedoes calculated from the measured elemental
carbon size distributions and concentrations in conjuction with other aerosol species had a
relative error of 4.0% when compared to measured values. The single scattering albedo for the
aerosols measured during INDOEX is both predicted and observed to be about 0.86 at an
ambient relative humidity of 80%. These results demonstrate that the light scattering, light
absorption and hence climate forcing due to aerosols over the Indian Ocean were consistent with

the chemical and physical properties of the aerosol at that location.

Backwind trajectory analysis from Maldives during the time of the experiment lead to the
conclusion that the high amount of pollution seen over the Indian Ocean came from the Indian
subcontinent located immediately upwind, In order to understand the ambient concentration
levels of fine particles upwind, it was necessary to conduct further monitoring. The third chapter
measures the fine particle concentrations in this source region by selecting four key cities: Delhi,
Mumbai, Kolkata—the three Indian megacities and a background site, Chandigarh. Ambient
concentration was measured for the entire year of 2001 in each of these cities and chemical
analysis was conducted. In order to conduct source apportionment, Indian subcontinent specific
source emissions needed to be tested. For this purpose, several tests were conducted to
understand the emissions from biomass and coal from this region. The fourth and the fifth
chapters report the results obtained from these source tests. Chapter four discusses the emissions

from Meghalaya (India), Dinajpur (Bangladesh), and Datong (China) coals. On the other hand,
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Chapter five discusses the emissions from five Bangladeshi biomass samples: rice straw, coconut
leaves, cow dung, jackfruit wood, and synthetic fuel. The sixth chapter reports the results from
the detailed organic analysis conducted on the same Indian ambient samples as previously
described in Chapter three. Chemical Mass Balance modeling was used to understand and

quantify the major sources of air pollution in these cities by using organic compounds as tracers.
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CHAPTER-2

Atmospheric particle size and composition
measurements to support light extinction calculations

over the Indian Ocean

2.1. Abstract

The size distribution and chemical composition of the atmospheric aerosol at the
Kaashidhoo Climate Observatory (KCO) in the Republic of Maldives was determined during the
winter northeast monsoon season to aid in determining the light scattering and light absorption
properties of the aerosol particles in that region. These experiments were conducted over 8 two-
day periods during February 11-26, 1999, using filter-based samplers and cascade impactors
operated at ambient relative humidity which was in the range of 80-89% RH over 83% of the

period sampled. Fine particle concentrations (D,<1.8 pm) averaged 17.7+0.2 pg m™ and varied
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between 8.4+0.3 —24.740.2 pg m™ over the period studied. Sulfate ion and carbonaceous
aerosols are the largest contributors to the fine particle mass concentration, accounting for 33-
37% and 26-27% of the fine mass, respectively. Calcium carbonate contributes 3% of the mass
measured on the impactor stages. Ammonium, nitrate, and chloride ion account for 7-9%, 1%,
and 0-1% of the fine particle mass respectively. The residual mass of as yet undetermined fine
particle material stands at 28-30%. Black elemental carbon particles contribute 6-11% of the
fine particle mass concentration and dominate light absorption in the atmosphere at KCO
[Eldering et al., 2001]. These fine particle concentrations are comparable to those found in major
cities in the United States, and are surprisingly high for a remote location such as the Maldive

Islands, which is located downwind of the Indian subcontinent.

2.2. Introduction

Increased airborne particle concentrations due to human activities have the potential to
increase both light scattering and light absorption in the atmosphere. Light scattering and light
absorption by atmospheric particles over broad regions of the Earth, such as the Indian Ocean,
can affect regional climatic conditions by altering the distribution of solar radiation and hence
atmospheric and surface temperature. This is particularly true in the vicinity of the Indian
subcontinent where 40-hour average fine particle concentrations (aerodynamic diameter D, < 2.1
um) in the atmosphere of the city of Mumbai have been measured at levels as high as 113 ug m™
(S. K. Varghese et al., Aerosol and inorganic ion size distributions at Mumbai, India, during the

INDOEX-IFP (1999), manuscript in preparation, 2001). Even after substantial dilution, fine
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particle concentrations of more than 15.8 pg m™ have been reported in the regional plume

advected over the Indian Ocean during the northeast monsoon [Krishnamurti et al., 1998].

The earliest investigations of the potential for climate forcing by airborne particles
focused on light scattering by sulfate aerosols. These studies showed that in clear-sky conditions
the scattering of light back into space by atmospheric particles cools the planet [Charlson et al.,
1990, 1991, 1992; Wigley, 1989; Kiehl and Briegleb, 1993; Taylor and Penner, 1994]. In
contrast, if atmospheric particles in the polluted layer near the ocean's or earth’s surface absorb a
significant amount of light, the conversion of that energy into heat could raise the temperature of
the lower atmosphere and at the same time affect the ocean’s or earth’s surface temperature,

thereby altering climate through changes in water vapor and heat fluxes [Kiehl, 1994].

Common aerosol components like sulfate and nitrate scatter light but produce negligible
light absorption [Larson et al., 1989; Zhang et al., 1993; Eldering et al., 1994]. In contrast, most
of the light absorption in the atmosphere is thought to arise from light absorption by particle-
phase black or elemental carbon [Andreae, 1995], with generally smaller contributions from
some types of suspended soil dust [Prospero, 1979]. In order to calculate the light absorption by
a particular mixture of aerosol particles it is necessary to know the concentration, composition,
and size distribution of the airborne particles, especially the black elemental carbon content of
the aerosol. Yet, at present, there are no data that describe in detail how the various aerosol
chemical components, and especially black carbon, are distributed as a function of size over the

Indian Ocean.
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The purpose of the present paper is to describe a series of experiments in which the size
distributions and concentrations of the component chemical substances in the airborne particles
were measured at the Maldive Islands in the Indian Ocean during February 1999. The data were
taken as part of the 1999 Indian Ocean Experiment (INDOEX) intensive field study conducted at
Kaashidhoo in the Maldive Islands and thus are accompanied by extensive supporting
measurements of light scattering, light absorption, and aerosol properties taken by other

investigators during INDOEX .

2.3. Experimental Methods

During the period of February 11 to 26, 1999, atmospheric particle samples were
collected over consecutive 2-day periods at the Kaashidhoo Climate Observatory (KCO) on
Kaashidhoo Island (4.96°N, 73.47°E) in the Republic of Maldives. Two filter samplers and four
microorifice uniform deposit impactors (MOUDIs) were operated simultaneously on the roof of
the observatory's laboratory building at an elevation of 3 m above ground level. Filter samplers
were used because the comparatively large samples collected place most aerosol parameters
readily within tight detection limits. The impactors are seen as the most practical way to
measure bulk particle chemical composition as a function of particle size. The sampling

equipment is shown schematically in Figure 2.1.
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Figure 2.1. Schematic diagram of sampling equipment used to measure particle size distributions

and chemical compositions.

Samples were collected at ambient temperature (typically 27°-29°C) and relative

humidity (typically 80—-89% RH) for 46 hours out of every 48 hours, starting at 1800 local time

(LT) every second day. Samples collected on the lower three stages of the impactors are very

small, with ~1 pg m™ of particulate matter or less in the size ranges sampled by each of the last

three impactor stages. Samples of 2-day duration were taken in order to bring sample sizes on the
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impactor stages to a level where one standard deviation of the mass determination would be
approximately +0.2 g m™. This permits very accurate mass determination on the third from last
impactor stage at all times and significant mass measurements on the second to last stage much
of the time. This increased accuracy of the measurements is of course obtained at the expense of
the ability to detect short-term fluctuations in aerosol concentration. Vasiliou et al. [1999] have
shown that particle bounce within impactors is effectively suppressed by sampling at ~80% RH.
Since the ambient RH at Kaashidhoo Island was in this range during these experiments, we both
size the particles as they actually exist in the atmosphere and in a way that suppresses particle

bounce by sampling at ambient RH.

Total suspended particulate matter (no particle size discrimination) and fine particulate
matter (aecrodynamic diameter D, < 1.8 um) samples were collected using a Caltech-built filter
sampling system. In this work we emphasize fine particle characterization because previous
research shows that fine particles contribute approximately two thirds of the aerosol optical
depth over the Indian Ocean [Satheesh et al., 1999]. The flow rates for the total and fine
particulate matter filter sampling lines are shown in Figure 2.1 above. Total suspended
particulate matter was collected on one open-face quartz fiber filter (Pallflex, 2500 QAO, 47-mm
diameter) and on two parallel open-faced Poly Tetra Fluoro Ethylene (PTFE) filters (Gelman
Sciences, Teflo, 47-mm diameter, 1.0-um pore size). Fine particulate matter was collected on
one quartz fiber filter (Pallflex, 2500 QAO, 47-mm diameter) and on two PTFE filters (Gelman
Sciences, Teflo, 1.0-um pore size). For collection of the fine particles, ambient air was drawn at
a rate of 30 Ipm through a glass inlet line to a Teflon-coated AIHL-design cyclone separator

[John and Reischl, 1980], which removed large particles according to a collection efficiency
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curve having a 50% aerodynamic cutoff diameter at 1.8 um before the air passed through the fine
particle collection filters. The 15 and 85% particle collection cut points for this cyclone at this
flowrate are at ~1.7- and 2.2-um aerodynamic diameter, respectively, based on visual
extrapolation of the collection efficiency curves presented by John and Reischl [1980]. The
airflow rate through each filter assembly was measured before and after each 46-hour sampling
period using a rotameter that had been calibrated against a bubble flow meter; uncertainties in

the airflow rate are £3% and would affect the cyclone 50% cutoff diameter by £0.05 pum.

Four 10-stage microorifice uniform deposit impactors (MOUDI, MSP Corporation,
Model 100) [Marple et al., 1991] were simultaneously operated to measure 46-hour average
particulate mass concentration and chemical composition as a function of particle size. To
suppress particle bounce from the upper stages of the impactors, ambient air was passed through
a Teflon-coated ATHL-design cyclone separator placed upstream of the inlet of each of the four
impactors to capture coarse particles (D, > 1.8 um) [John and Reischl, 1980]. Particles over the
size range 0.056—1.8 pum particle diameter were collected on impaction stages 5 through 10 of
the impactors. All 10 stages of the impactors were in place during the experiment, but only the
lower 6 stages collected meaningful samples because of the presence of the cyclone separator
upstream of the impactors. Two of the four impactors were loaded with aluminum foil substrates
(MSP Corporation, 47-mm diameter) and a quartz fiber afterfilter (Pallflex, 2500 QAO, 47-mm
diameter). The remaining two impactors were operated with PTFE impaction substrates and
afterfilters (Gelman Sciences, 47-mm diameter, Teflo material, 1.0-um pore size). Foil impaction
substrates and quartz fiber filters were baked before use in order to lower their carbon blank

values, since these materials were dedicated to the analysis of carbonaceous aerosol species; foil
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substrates were baked for 48 hours at 550°C, and quartz fiber filters were baked for 12 hours at
550°C. To avoid contamination by organic compounds, no grease or oil was applied to the
impaction substrates. Filter samples and samples on impaction substrates were placed in petri
dishes, sealed with Teflon tape, then frozen immediately after collection and until subsequent

analysis.

All foil and PTFE impaction substrates and PTFE filters were gravimetrically analyzed
by repeated weighing before and after the experiment on a Mettler model M-55-A mechanical
microbalance maintained in a temperature and humidity-controlled environment (21.0 + 0.2°C,
39 £+ 3% RH). PTFE impactor substrates were cut in half before chemical analysis to allow the
use of several different chemical analysis techniques. One half of the each of the PTFE impactor
substrates and one of each pair of PTFE filter samples were analyzed by ion chromatography
(Dionex Corporation, Model 2020i) for the anions NOs3, SO42', and CI" [Mulik et al., 1976] and
by an indophenol colorimetric procedure for NH," [Bolleter et al., 1976] using an Alpkem rapid
flow analyzer (Model RFA-300). The second half of each of these sample sets is being analyzed
for trace elements using neutron activation analysis [Olmez, 1989], and trace elements

concentration values will be posted to the INDOEX Web site when they become available.

Foil and quartz fiber substrates were analyzed for elemental and organic carbon content
using the thermal-optical carbon analysis method of Huntzicker et al. [1982] as modified by
Birch and Cary [1996]. Correction for pyrolytic formation of elemental carbon during organic
carbon determination from the impactor samples was accomplished using the methodology

described in the paper by Kleeman et al. [1999a]. Elemental carbon is a form of impure graphite
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produced by combustion processes [Cass et al., 1982]. Analytical standards for atmospheric
elemental carbon particles do not presently exist, and thus elemental carbon concentrations are
defined operationally by the analytical method that is used. In the thermal evolution and
combustion method of Birch and Cary [1996], elemental carbon is defined as carbon that resists
volatilization up to a temperature of 900°C in an inert atmosphere in a manner similar to graphite
and also is black. For this reason, we use the terms elemental carbon and black carbon
interchangeably but with the realization that it is the measurement method of Birch and Cary
[1996] that operationally defines the concentration values reported. Variations in elemental
carbon values between alternative methods can arise owing to differences in the way that
alternative methods correct for charring of the samples during analysis. In the case of the present
samples, comparison of the EC values attained by the method of Birch and Cary [1996] versus
values obtained without any pyrolysis correction shows an absolute difference in the EC values
of 0.47+0.61 ug EC per cm” of filter surface analyzed, corresponding to an average 17% change

in the EC concentrations and a 6% change in the OC concentrations.

For gravimetric mass determination the average precision of the impactor measurements,
calculated from the nominally four replicate impactor samples taken each event, was found to be
+5.3% for samples greater than or equal to 2.0 ug m™, and +22.5% for samples less than 2.0 pg
m™ whose values were still significantly greater than zero. For sulfate, ammonium ion, organic
matter, and elemental carbon the average precision of the measurements based on repeated
analysis of standard solutions was +2.3, +5.4, +11.1, and £5.9%, respectively, for samples
greater than or equal to 0.2 pg m™. No nitrate concentrations above 0.2 pug m™ were measured

on any single impactor stage. For sulfate, nitrate, ammonium ion, organic matter, and elemental
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carbon the average precision for samples having significant values smaller than 0.2 g m” was

+16.4, £12.4, £18.4, £34.9, and £12.4%, respectively.

The uncertainty values just described are based on random errors. There are possible
sources of systematic errors that have not been quantified. First, losses in inlets to the samplers
(measured by sampling directly from outdoor ambient air into the cyclone inlets). Second,
cyclone and impactor size segregation errors minimized by use of the cyclones and high RH
sampling to suppress particle bounce in the impactors. Third, volatilization of aerosol ammonium
nitrate (potentially serious if NH4NOs is present; see Hering and Cass [1999], positive organic
aerosol artifacts due to vapor adsorption or negative organic aerosol artifacts due to volatilization
of organics (potentially serious, see McDow [1999]). Finally, uncertainties in the assumed ratio
of organic compound mass to organic carbon mass (see Turpin and Lim [2000]; while we
assume a value of 1.4 as the ratio of organic compound mass to organic carbon mass, the value
calculated from ambient concentration data when the actual organic compounds present are

known ranges from 1.2 to 3.0).

In addition to the above instruments, a prototype Graseby-Andersen Sampler (Andersen
RAAS, PM; 5 speciation) was used to collect fine airborne particulate matter in sizes smaller than
2.5-um aerodynamic diameter. Airflow rates and sampling streams for this sampler are shown in

Figure 2.1.
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2.4. Results and Discussions

The time series plot in Figure 2.2 shows the mass concentration and chemical
composition of the fine particles (D, < 1.8 um) based on the Caltech filter sampler results over
the entire study period. In these and subsequent mass balance plots, organic compound
concentrations are estimated as 1.4 times organic carbon concentrations in order to account for

the H, O, S, and N in organic matter [Gray et al.,1986].
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Figure 2.2. Time series of fine particle (D,< 1.8 um) mass concentration and chemical
composition at Kaashidhoo Island, February 11-26, 1999 based on the Caltech filter sampler.
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The most polluted 46-hour event (fine particle mass concentration 24.7+0.21 pg m™)
occurred from February 16 to 18. This episode was characterized by continental pollution
transported from the Indian subcontinent, as explained later in this section. The least polluted 46-
hour event (fine particle mass concentration 8.4+0.3 pg m™) occurred from February 20 to 22.
Whenever uncertainties are presented throughout this paper, they reflect £1c confidence
intervals for the individual samples when a single sample is described or +1o confidence
intervals for the mean if the mean of a group of samples is described; these values are
determined through analysis of replicate measurements. Because of rain on February 21 and 22,
wet deposition of particles probably removed most of the atmospheric pollution. Moreover,
backward trajectories indicate that the air parcels sampled at KCO during February 20-22
originated from the comparatively less polluted environment off the coast of Thailand. As seen
in Figure 2.2, the major fine particle chemical components are SO,, NH,", organic compounds,
and elemental (black) carbon. The sulfate aerosol cannot be present entirely as ammonium

sulfate as there are less than 2 moles of NH," for every mole of SO, in the acrosol.

A material balance on the average concentration of the fine particle (D, < 1.8 um)
chemical species measured by filter-based sampling throughout the entire study period is shown
in Figure 2.3a. Over this measurement period, fine particle mass concentrations averaged
17.740.2 pg m™; 37% of the mass is sulfate, 7% is ammonium ion, and 27% consists of organic
compounds plus elemental carbon. The chemical identity of 5.8+0.4 pg m™ (28%) of the fine
particle material remains unknown; this residual material is expected to consist of the oxides of
crustal trace elements (e.g., Al, Fe, and Si) plus sea salt and some water that remains in the

samples despite the fact that they were weighed at 39% RH.
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Figure 2.3. Material balance on the average concentration and chemical composition of fine
particles (D, < 1.8 um) at Kaashidhoo Island during the entire study period based on (a) the
Caltech filter sampler and (b) the integration over all MOUDI impactor stages with D, < 1.8 pm.
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A small amount of the crustal material is found in nearly all of the fine particle samples that we
have taken elsewhere [e.g., Christoforou et al., 1999; Gray et al., 1986; Salmon et al., 1999],
while sea salt is expected given the coastal location at Kaashidhoo Island. Total suspended
particulate matter (TSP) concentrations averaged 10 times higher than fine particle
concentrations over the four sampling events where TSP data are available; we do not have
enough chemical information on the composition of the coarse particles to warrant further

discussion.

The sum of the masses collected on impactor stages 5 to 10 provides an additional
measure of overall fine particle mass concentration (D, < 1.8 um) that can be compared to the
sub-1.8 um and sub-2.5 um fine particle mass concentrations measured by the Caltech filter
sampler and Graseby-Andersen filter sampler, respectively. The sub-1.8 pm particle mass
concentrations measured by the impactors and Caltech filter sampler match very closely

throughout the entire study period, as shown in the lower 2 curves in Figure 2.4, indicating

consistency in measurement and in sample analysis.
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measurements are very close for fine particle mass concentration and for CI', NOs’, SO4'2, NH,",
and total carbon. The principal difference seen is in the speciation of the aerosol carbon. The
impactor samples suggest that some of the “organic carbon” measured on the quartz fiber filters
is actually carbonate carbon that is seen on the largest stage of the impactor samples; a possible
source is the coral material from which Kaashidhoo Island is formed. The EC/OC split
determined from the impactor samples is more heavily weighted toward elemental carbon. The
fine particle mass concentrations as measured by the Graseby-Andersen filter sampler (D, <2.5
pum) exceed the concentrations obtained from the sub-1.8 um aerodynamic diameter samplers, as

expected (see Figure 2.4).

The size distribution of the chemical components of the atmospheric particle mixture at
KCO is shown in Figure 2.5 based on the impactor data. The particle size distribution is largely
unimodal in the submicron particle size range. The peak in the particle mass distribution
typically occurs in the 0.56-1.0 um aerodynamic diameter size range, which corresponds
approximately to the size range of 0.44—0.79 um particle physical diameter. The density used
was 1.55 g cm”. This value was calculated by first forming model compounds from the
measured aerosol species as described by Larson et al. [1988], then averaging the densities of
those materials followed by estimation of the amount of water present at the sampled RH
[Larson et al., 1988; Eldering et al., 1994]. The relative humidities at KCO averaged (range
given in brackets) 81% (76-83)%, 82% (77-86)%, 83% (77-87)%, 85% (78-87)%, 84.5% (75-
92)%, 87% (82-97)%, 86.5% (84-92)%, and 84% (78-87)% over the eight consecutive sampling

periods shown in Figure 2.5, respectively.
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Figure 2.5. Size distribution and chemical composition of the ambient particles during the eight
46-h sampling periods.

The size distributions of SO4'2 and NH," ions follow each other closely, indicating that
some (NH4),SO4 and/or NH4HSO,4 probably are present in the fine particles. CI" and NOs™ are
found in relatively small amounts, principally in the 1.0-1.8 um aerodynamic diameter range.
The chloride indicates the presence of sea salt and the nitrate in particle sizes >1 pum indicates
that a small amount of sea-salt has been in some cases partly transformed by atmospheric

chemical reactions to produce sodium nitrate. Since chloride can be displaced from the aerosol
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by reaction with sulfuric or nitric acid, chloride concentrations alone do not permit an accurate
assessment of the amount of sea salt present. Given the large amounts of sulfate in the largest
impactor size bin, there may be a considerable amount of sodium sulfate present. Once the
sodium concentrations become available from neutron activation analysis, they will be posted to
the INDOEX Web site and will provide a basis for estimation of sea-salt concentrations subject

to the uncertainties of the sodium measurements.

Organic carbon and elemental (black) carbon are most abundant in the size range
between 0.32- and 1.0-um aerodynamic diameter; this size range extends to larger particle sizes
than the 0.1-0.3 um diameter peak characteristic of black carbon from diesel engines in the
United States [Kleeman et al., 1999]. Black carbon from coal or biomass burning might be
responsible for this pattern; at present the size distribution of elemental carbon from small-scale
coal combustion and Indian subcontinent biomass burning is unknown. Alternatively, small
primary black carbon-containing particles may become larger through accumulation of
secondary aerosol species (e.g., sulfates, secondary organics) over time during multi-day
transport across India and the Indian Ocean. The other mass values shown in Figures 2.2, 2.3,
and 2.5 are believed to consist largely of mineral matter and sea-salt, plus water that is retained
in the samples despite the fact that they were weighed at 39% RH. The mineral matter
concentrations can be more thoroughly explored once trace element data become available from

neutron activation analysis.

During the northeast monsoon the aerosol concentrations measured at KCO were much

higher than one would expect at a remote island location. Fine particle mass concentrations in
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particles smaller than 1.8-um aerodynamic diameter reached 24.7+0.2 pg m™ over one 2-day
period and averaged 17.7+0.2 ug m™ over the entire 16 days of this study. By comparison, fine
particle concentrations in center of the city of Los Angeles averaged 27.4 pg m™ during 1993,
while such concentrations at San Nicolas Island, upwind and offshore of Los Angeles, averaged

7.7 ug m™ [Christoforou et al., 2000].

Meteorological data link these high aerosol concentrations at KCO during the February
11-26, 1999, period to transport from the Indian subcontinent. Figures 2.6a and 2.6b show
characteristic 10-day backward trajectories arriving at KCO during the study period for high
pollution events and low pollution events, respectively (methodology described by Harris and
Kahl [1994]). During high pollution events the air masses originated in Bangladesh, West
Bengal, and the northern part of India and accumulated pollutants as they passed down the
eastern coast and southern tip of India before reaching KCO. Although coarse particles larger
than several microns in diameter may settle from the atmosphere via dry deposition, there is a
strong possibility that smaller fine aerosols from India and Bangladesh will be transported to the
area of the Indian ocean near KCO without experiencing wet or dry removal. During February
20-22 a different wind trajectory was observed, accompanied by lower levels of pollution (see
Figure 2.6b). That air mass originated from southern Thailand and crossed the Bay of Bengal
before reaching KCO. During passage of this air mass, rain occurred thus removing particles by

wet deposition.
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Figure 2.6. Typical 10 day backward trajectory for air parcels arriving at Kaashidhoo Island at
0600 hours local time on Feb 16 during a high pollution event (a) and arriving at 0600 hours

local time on February 22 during a low pollution event (b).
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The Indian Ocean aerosol during the winter monsoon contains a mixture of aerosol
components at concentrations typical of urban pollution levels in the United States and with a
surprisingly large amount of black carbon that can be expected to lead to high levels of light
absorption. The size distribution and chemical composition data from our cascade impactors is
sufficient to support a theoretical analysis of the causes of light scattering and light absorption
over the Indian Ocean based on Mie theory scattering and absorption calculations [Eldering and
Cass, 1996]. That analysis could be used to directly link the extent of climate forcing by
aerosols over the Indian Ocean to the aerosol size distribution and chemical composition.
Ultimately, particle size and chemical composition data will permit tests of models that connect

source emissions to climate forcing by aerosols.
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CHAPTER-3

Mass and chemical characterization of the ambient

fine particles in Indian cities

3.1. Abstract

Fine particle air pollution is characterized in the four Indian cities of Delhi, Mumbai,
Kolkata and Chandigarh. Maximum average fine particle mass concentrations occurred during
the winter and the minimum average concentrations occurred during the summer. Average fine
particle mass concentrations during the winter were 230+1.6 pg m™ in Delhi, 89+0.5 pg m™ in
Mumbai, and 305+1.1 pg m™ in Kolkata. Average fine particle mass concentrations during the
summer were 49+0.6 pg m™ in Delhi, 21+1.4 pg m~ in Mumbai, and 27+0.5 pg m™ in Kolkata,
and 29+0.7 pg m” in Chandigarh. Low rainfall, air stagnation, and atmospheric inversions

during the winter months lead to increased fine particle mass, whereas the monsoon rains
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scavenge particles during the summer, thus reducing the atmospheric concentrations during that
time. Most of the observed PM,s concentrations in Delhi and the wintertime PM; ;s
concentrations in both Mumbai and Kolkata exceeded the U.S. EPA 24-hour average PM;s
standard of 65 pg m™ signifying unhealthy air quality. Moreover, the apparent fine particle
annual average concentrations for all of the cities sampled are well above the annual US standard
of 15 ug m™. Organic carbon (OC), elemental carbon (EC), NO5, SO4>, CI', NH,", and trace
metals were analyzed. During winter, OM and EC were respectively 58% and 8% in Delhi, 53%
and 9% in Mumbai, and 67% and 9% in Kolkata of the PM. Sulfate contributed much of the rest.
Relative contributions of crustal oxides or dust to the fine particle mass reached a peak during
the spring and the summer time in all the cities. Crustal elements were probably fugitive dust
from local sources and long range transport of desert dust from the Arabian desert or as far as the
Saharan desert. These measurements provide important information about the seasonal and

spatial distribution of fine particle-phase compounds in India.

3.2. Introduction

Rapid industrialization and urbanization during the last several decades in developing
countries, like China and India, have led to an increase in anthropogenic emissions from both
fossil fuel and biomass combustion. Ramanathan et al. [2001] and other researchers participating
in the INDOEX study observed a large anthropogenic haze spreading over most of the North
Indian Ocean, and South and Southeast Asia between December 2001 and April 2001. In fact,

ground level fine particle concentrations as high as 25 ug m™ were reported during INDOEX at a
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remote island off the coast of India [Chowdhury et al., 2001], and trajectory analysis suggested a
continental source. Such high PM levels in the Indian Ocean are comparable to the average fine
particle concentrations observed in US cities, like Los Angeles [Christoforou et al., 2000]. In
India, the Central Pollution Control Board (CPCB) and the National Environmental Engineering
Research Institute (NEERI) have focused their efforts on measurements of PM;, and TSP
[NEERI, 2000]. Studies have shown that it is PM, s instead of PM;, that contributes to the
visibility problem and are likely responsible for respiratory and cardio-pulmonary diseases like
asthma, bronchitis, and heart disease [Dockery et al., 1993, Pope et al., 2002]. However, mass of
PM, s in India historically has not been measured and chemical analysis of fine particles is not
readily available. Notable exception is the study conducted in Mumbai by Venkataraman et al.
[2002] during INDOEX. In the absence of detailed measurements of fine particulate matter,
quantitative identification of major anthropogenic sources responsible for the worsening of air
pollution in key Indian cities has been difficult to achieve. Motivated by the INDOEX findings,
in this study, a detailed analysis of ambient PM,s has been carried out in Delhi, Mumbeai,
Kolkata, and Chandigarh. These measurements serve many purposes. First, they provide a
description of the mass and chemical characteristics of fine particulate matter conducted for the
first time ever in those four cities. This work is the subject of the present paper. Second, the data
obtained in this study will later be used to quantify sources in these cities using Chemical Mass
Balance modeling following the procedures as developed by Schauer et al. [1996], Schauer and

Cass [2000], and Zheng et al. [2002].
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3.3. Experimental Setup

3.3.1. Sampling Protocol

Ambient sampling over one year was conducted in Delhi, Mumbai, and Kolkata--three of
the megacities located in India. Four months from the entire year were selected to represent the
seasonal pattern observed in the region. Five samples every six days were taken for each of the

four months sampled. The selected four months were:

1. March to represent spring,

2. June to represent summer,

3. October to represent autumn, and

4. December to represent winter.
A fourth site, Chandigarh, upwind of Delhi was selected to represent more regional background
conditions in India. After analyzing five years of backwind trajectories from NOAA, Chandigarh
appeared to be suitable as a background site upwind to Delhi. It is a smaller city with a
population of 809,000 located in the northern side of India. Suitable power supplies, availability
of trained personnel, cost of transportation, and ease of communication were limiting factors in
selecting Chandigarh as the background site. In spite of efforts to take samples for four seasons,
only five samples during the summer season were obtained; the rest of the sampling protocol
could not be completed. Figure 3.1 shows the location of the four cities in the Indian

subcontinent where the samples were taken and Table 3.1 describes the sites.
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Figure 3.1. Location of the PM; 5 sampling sites deployed in this study.

The sites at Delhi, Mumbai, and Kolkata were carefully selected to avoid undue influence of

emissions coming from heavy city traffic or industrial work, yet they were located within the
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metropolitan cities, thus enabling the capture of the cities’ emissions throughout the day and the

night. In each location, the samplers were placed either on rooftops or in the middle of open

fields to ensure that the sampler inlet was able to sample wind coming from all directions.

Table 3.1. Description of the sampling sites.
City Site Address Location Site Description Source of Pollution
Type

Mumbai | NEERI Zonal Urban Sampler placed 3 m City traffic typically
Laboratory Residential | above ground on a seen in residential and
89/B, Dr. Annie Basen rooftop. A four-story | business areas, and
Rd. building and slum cooking by slum
Worli, Mumbai-400018 areas near-by. dwellers.
India

Delhi National Physical Urban Sampler placed 5 m City traffic typically
Laboratory Residential | above ground on an seen in residential and
Dr. K. S. Krishnan office building business areas, and
Marg rooftop in the NPL cooking by slum
New Delhi - 110012 campus. Unobstructed | dwellers.
India space around.

Kolkata | NEERI Zonal Urban Sampler on a 2 meter | City traffic typically
Laboratory Residential | platform located in an | seen in residential and

I-8, Sector-C, East
Kolkata

P.O. Box Haltu,
Kolkata 700078

India

open field. Ruby
General Hospital and
a diesel truck garage

nearby.

business areas, cooking
by slum dwellers, and
some emission from
combustion by diesel
trucks parked in nearby

garage.
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The Chandigarh site needed to be outside the limit of the main town and thus was located at the

Postgraduate Institute of Medical Education and Research on a rooftop on the fourth floor.

Figure 3.2 shows the sampling schedule that was followed during the year 2001.

Warch '01 Apnl ‘01 June '01 July '01 Cictober '01 NMov '01 December '01 January '02
4| 1u| 16| 19| 22| 23 3| D 8| 14| 20| 2% 2| 8| 14 5| 11| 1?| 23| 29 4| 10 5| 11| 1?| 23| 29 4| ID| 16
Dellu
i EEEE | L1 |
NMumbai
Kolkata
| [ |
Chandigarh
NN
Legend Key:

Figure 3.2. Diagram of the 24-hr averaging sampling schedule at four Indian cities.

Sampling started on March 4, 2001 and continued until January 16, 2002. Samples were

collected at ambient temperatures and relative humidities for 24 hours starting at midnight local

time every sixth day for each of the months sampled. After the completion of the sampling

campaign, there were 21 samples for Delhi, 25 samples for Mumbai, 20 samples for Kolkata, and

5 samples for Chandigarh. These samples were chemically analyzed, and the results are
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described in this paper. A second paper will be presented with findings from the organic

speciation work.

3.3.2. Instrumental Setup

A Caltech-built, PM; s filter sampler was used at each of the four sites. Sampling

equipment is shown schematically in Figure 3.3.

) ?

Manifold

MgO

Denuder 1] \\
AIHL
cyclong
TU1
TU2

v

)

Flow Controlling Orifices

" TUI and TU2 are teflon filters, NU1 and ND1 are undenuded nylon filter and denuded nylon filter respectively,
and QU1 is a quartz fiber filter.

Figure 3.3. Schematic diagram of the sampling unit.
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Fine particulate matter was collected on one quartz fiber filter (Pallflex, 2500 QAO, 47 mm
diameter), two pre-washed Nylon Filters (Gelman Sciences, Nylasorb, 47 mm diameter), and on
two PTFE filters (Gelman Sciences, Teflo, 1.0 um pore size). Ambient air was drawn at a rate of
approximately 22.5 Ipm through an acid-washed Pyrex glass inlet line to a Teflon-coated Air and
Industrial Hygiene Laboratory (AIHL)-design cyclone separator [John and Reischl, 1980], which
removed large particles with a collection efficiency curve having a 50% aerodynamic cutoff
diameter at 2.5 um before the air passed through the filters. The nylon filter located downstream
of the MgO-coated diffusion denuder was used in conjunction with the nylon filter downstream
of the cyclone alone to measure gas-phase nitric acid, hydrochloric acid, and fine particle nitrate
by the denuder difference method. The air flowrate through each filter was measured before and

after each 24-hour sampling period with a calibrated rotameter.

3.3.3. Analytical Methods:

Unexposed filters and exposed samples were kept in individual Petri dishes and sealed
with Teflon tape. Filters and samples were shipped between the United States and India using
ice-coolers with blue-ice packets to ensure that the temperature of the filters during shipment (3-
5 days) would remain cool to prevent sample degradation. All PTFE filters were gravimetrically
analyzed at Georgia Tech by the same operator by repeated weighing before and after the

experiment on a Mettler Toledo microbalance maintained in a temperature- and humidity-
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controlled environment (20.5 + 0.2°C, 39 + 2% RH). Once weighing was completed, samples

were stored in freezers until chemical analysis.

One of each pair of PTFE filter samples was analyzed by ion chromatography (Dionex
Corp, Model 20201) for the anions NOs’, SO42', and CI" [Mulik, 1976, Derrick and Moyers, 1981]
and by an indophenol colorimetric procedure for NH," [Bolleter, 1976] using an Alpkem rapid
flow analyzer (Model RFA-300). The second set of each of these sample sets was analyzed for
trace elements using X-Ray Fluorescence (XRF) by the Desert Research Institute (DRI). Quartz
fiber substrates were analyzed for elemental and organic carbon content using the thermal-optical
carbon analysis method of Huntzicker et al. [1982] as modified by Birch and Cary [1996]. In the
thermal evolution and combustion method of Birch and Cary [1996], elemental carbon is defined
as carbon that resists volatilization up to a temperature of 900°C in an inert atmosphere in a
manner similar to graphite, and also is black. In this paper, we will use the term Elemental
Carbon (EC) to define the carbon detected by this method. Variations in elemental carbon values
between alternative methods can arise due to differences in the way that alternative methods
correct for charring of the samples during analysis. Table 3.2 lists the analytical methods being

used to analyze the various samples.

52



Table 3.2. Analytical methods used for physical and for chemical analysis of the filter substrates.

Species of Instrument Used Method Used
Interest
Mass Mettler model M- Gravimetric Analysis by repeated weighing before and

55-A mechanical

after the experiment. Microbalance maintained in a

microbalance temperature and humidity-controlled environment
(21.0 £ 0.2°C, 39 + 3% RH)
Sulfate Ion Dionex Ion Chromatography described by Mulik et al., 1976

Chloride Ion

Nitrate lon

Corporation, Model
20201

Ammonium lon

Alpkem rapid flow
analyzer (Model
RFA-300)

Indophenol Colorimetric Procedure described in

Bolleter et al., 1961

Elemental Carbon

Organic Carbon

Carbon Analyzer

Thermal-optical carbon analysis method of Huntzicker

et al. [1982] as modified by Birch and Cary [1996]

Trace Elements XRF X-Ray Fluorescence Analysis by Desert Research
Organic GCMS Schauer et al., 1996 and 2000; Zheng et al., 2002;
Speciation Sheesley et al., 2003

3.4. Results and Discussion

3.4.1. Regional Meteorology and Particulate Matter Concentrations:

Monsoon winds and rains control the extent of pollution seen over many of the South and

East Asian countries like India and China. Monsoon winds, which come from the Southwest

during the months of June, July, August, and part of September, are characterized by heavy rain
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and winds. The monsoon gathers moisture over the Indian Ocean and releases it over South and
Southeast Asia. Conversely, the predominant wind direction during the winter is from the
Northeast, and is characterized by a dry air mass producing almost no rain as the air mass travels
over continental landmass. Because of this regional wind pattern, rain scavenging during the
summer causes a decrease in concentrations of fine particulate matter. This trend of decreasing
aerosol mass during the summer monsoon has been captured in the present study and can be seen
in Figures 3.4 and 3.5 which show the seasonal variations of the fine particle mass and chemical

composition over Mumbai, Delhi, Kolkata, and Chandigarh.
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Figure 3.4. Fine particulate mass concentrations in Delhi, Mumbai, Kolkata, and Chandigarh
(2001). The dashed line represent the standards set by the US EPA.
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Average fine particle mass concentrations during summer were 49+0.6 pg m” in Delhi,
21+1.4 ng m” in Mumbai, 27+0.5 pg m™ in Kolkata, and 29+0.7 pg m™ in Chandigarh. It was
surprising to see summertime ambient fine particulate matter concentrations in Chandigarh
exceeding those of Mumbai and Kolkata. Both Mumbai and Kolkata are located near the
Arabian Sea and the Bay of Bengal respectively; whereas Delhi and Chandigarh are located in
the middle of the Indian subcontinent. Five years (Jan 1995 to Dec 1999) of backwind trajectory
analysis conducted by NOAA revealed that 62% of all trajectories arriving at Delhi during that
time period experienced stagnation (personal communication, Joyce M. Harris, NOAA). Heavy
rains and proximity to the ocean with the influence of diurnal land and sea breezes aiding in the
dilution of the aerosol concentration reduce levels in Mumbai and Kolkata (as seen in the results
section, significant amount of Na' is present signifying presence of sea salts). Of the locations
monitored, Delhi records the highest fine particle mass concentrations throughout the year except
for the month of December when Kolkata’s fine particle mass concentrations exceed those

observed in Delhi.
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Figure 3.5. Chemical composition and seasonal variations in fine particle mass in (a) Delhi, (b)

Mumbai, and (c) Kolkata.

The highest concentrations of aerosol mass are seen during the month of December,
representing the winter season in all of the three cities sampled (no sample was taken in
Chandigarh during winter). Average fine particle mass concentrations during the winter were
231+1.6 pg m” in Delhi, 89+0.5 ug m™ in Mumbai, and 305+1.1 ug m™ in Kolkata. During the

winter month of December, more stagnation and less rain scavenging occurs in cities like Delhi,
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causing aerosol particles to remain suspended over the city for an extended period of time. Also,
the lower solar insolation rates during the winter months lead to lower atmospheric inversion
layers where pollutants become trapped close to the ground, further increasing fine particle

concentrations.

India has yet to set a fine particle standard. In the absence of a fine particle standard, the
US EPA’s 24-hour PM;s standard of 65 pg m> can be used to show the severity of the
particulate pollution in India. The current study shows that most of the observed PM;s
concentrations in Delhi and the wintertime PM, s concentrations in both Mumbai and Kolkata
exceed the daily EPA PM,; s standard. Table 3.3 shows the US EPA’s pollutant standard index
for PM, s which can be used for general assessment of health risks from existing air quality. 24-
hr average of PM, 5 concentration in the range of 40.5-65.4 ug m™ is considered as unhealthy for
sensitive groups, 65.5-150.4 ug m™ as unhealthy, 150.5-250.4 pug m™ as very unhealthy, and

above 250 ug m™ as hazardous.
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Table 3.3. Health risks from air quality in Delhi, Mumbai, and Kolkata using EPA’s pollutant
standard index.

Unhealthy for Unhealthy*2 Very Hazardous *
Sensitive Groups*1 Unhealthy*3
Delhi Jul2, 8 March 4, 10, 16, 22,28 | Oct5 Jan 4
(21 samples) June 8, 14 Dec 17, 23,29
Oct 11, 17 Jan 10, 16
Mumbai Mar 4, 19 Oct 17, 23,29
(25 samples) | Dec 23 Nov 4, 10
Dec 5,11, 17,29
Jan 4, 10
Kolkata Mar 22, 28 Mar 16 Dec 5, 11, 17, 23, 29
(19 samples) | APr3
Oct 11,23

" Unhealthy for Sensitive Groups: Increasing likelihood of respiratory symptoms in sensitive individuals,
aggravation of heart of lung disease and premature mortality in persons with cardiopulmonary disease and the
elderly.

"2 Unhealthy: Increased aggravation of heart or lung disease and premature mortality in persons with
cardiopulmonary disease and the elderly; increased respiratory effects in general population

3 Very Unhealthy: Significant aggravation of heart or lung disease and premature mortality in persons with
cardiopulmonary disease and the elderly; significant increase in respiratory effects in general population.

™ Hazardous: Serious aggravation of heart or lung disease and premature mortality in persons with

cardiopulmonary disease and the elderly; serious risk of respiratory effects in general population.

Wintertime air quality in Kolkata, Delhi, and Mumbai can be considered to be hazardous,
very unhealthy, and unhealthy, respectively. Out of 21 samples collected in Delhi, the PM; s
concentrations from 16 samples are in the “unhealthy” or worse than “unhealthy” range. PM, s is
responsible for respiratory problems such as asthma and bronchitis, as well as reduction in
visibility (Dockery et al., 1993). In a local Indian newspaper, Ms. Anumita Roy Chowdhury, a
researcher at the Delhi-based Center for Science and Environment (CSE), mentioned that each

year, air-pollution-related diseases claim some 52,000 lives in 36 Indian cities, including the
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capital New Delhi where the toll is 10,000. Particle pollution is so widespread that many visitors
landing in Delhi by air during the winter time observe the thick haze over the city. Because of

low visibility, flights to and from Delhi may be cancelled during the wintertime.

3.4.2. Fine Particle Chemical Analysis Results:

Organic matter is the highest contributor to the fine particle concentrations for all four
cities sampled. Organic matter has been calculated by multiplying organic carbon by 1.4 to
account for the H, O, N, and other elements typically found in organic matter. Seasonal
variations in organic matter (OM) and elemental carbon (EC) were observed. OM and EC
concentrations increase during the winter season compared to the rest of the year (see Figure 3.5

and Table 3.4).
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Table 3.4. Seasonal chemical composition and percentage contribution to fine particle mass in
(a) Delhi, (b) Mumbai, (c) Kolkata, and (d) Chandigarh.

(a)

Delhi Spring 16 % of PM,5 Summer 16 % of PM,5 Fall 1o %of PM,5 Winter 16 % of PM, 5
Unidentified 12.9 N/A 11.3% 5.49 N/A 11.1% 29.9 N/A 18.8% 7.63 N/A 3.3%
Nitrate 2.50 0.16 2.2% 1.51 0.14 3.1% 3.63 0.26 2.3% 16.8 0.76 7.3%
Chloride 8.81 0.16 7.7% 0.50 0.08 1.0% 1.44 0.13 0.9% 153 0.46 6.6%
Ammonium 7.22 1.89 6.3% 1.96 0.05 4.0% 442 0.10 2.8% 12.1 0.31 5.3%
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The percentage of OM and EC in the fine particle mass are 46% OM and 8.2% EC in Delhi
during the summer and 58% OM and 7.5% EC in Delhi during the winter; 11% OM and 5.2%
EC in Mumbai during the summer and 53% OM and 9.2% EC during the winter; 41% OM and
25% EC in Kolkata during the summer and 67% OM and 8.7% EC in Kolkata during the winter;
and 34% OM and 4.5% EC in Chandigarh for the summer. Approximately half of all measured
PM, s is organic in nature and the concentrations of both OM and EC increase during the winter.
To explain this seasonality in OM and understand the sources of this organic matter, it is
important to conduct organic speciation and observe target organic compounds individually by

season. The results of the organic speciation work will be presented in a future paper.

Elemental carbon (EC) and organic matter (OM) are emitted mostly from burning fossil
fuels and biomass [Andreae, 1995]. From previous source testing, it has been found that biomass
burning in India has a lower ratio of EC to OC compared to fossil fuel burning [Sheesley, 2003;
Chowdhury et al., 2004]. The ratio of EC to OC is highest during the month of June for all the
three sites. This ratio reaches unity during June in both Mumbai and Kolkata, whereas in Delhi
this ratio is approximately 0.3. However, the EC to OC ratio decreases to 0.2 to 0.4 during the
remainder of the year in all three sites. A high EC to OC ratio signifies the dominance of fossil
fuel burning over biomass burning. From this ratio analysis, it appears biomass burning increases

during the winter leading to a lower EC to OC ratio during the winter.

Of the fine particle mass, sodium and potassium contribute 0.03-0.60% and 0.9-2.1%

respectively in Delhi, 0.2-6.6% and 0.9-1.6% respectively in Mumbai, 0.01-1.0% and 1.2-2.0%

respectively in Kolkata, and 0.5% and 2.0% in Chandigarh. High sodium concentrations are
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predominantly seen during the summer, indicating presence of marine aerosol (sea salts in the
form of NaCl) in all of the cities, especially in Mumbai where 6.6% of the fine particle mass
during June is from sodium ion. The Southwest monsoon carry sea salts from both the Bay of
Bengal and the Arabian Sea. Presence of potassium has traditionally been linked to biomass
burning; however, potassium can also come from marine aerosol and soil dust. According to
Stumm and Morgan [1996, pg 308], the concentration ratio of K' to Na' in sea water is
approximately 0.03. In this study, ratios of K" to Na" in the ambient samples were in the range of
2 to 32 for Delhi, 0.1 to 5 for Mumbeai, 1 to 156 for Kolkata, and 4 for summer time Chandigarh.
The higher ratios were typically seen during the colder months. From this ratio analysis it

appears that biomass burning occurs in all four cities peaking during the colder period.

Crustal oxide has been calculated by adding the oxides of aluminum, silicon, calcium,
titanium, iron, and phosphorus. Relative contributions of crustal oxides or dust to the fine
particle mass reach a peak during the spring and summer in all of the cities. During this time,
contributions of dust to the fine particle mass are 6-13% in Delhi, 16% in Mumbai, 10-11% in
Kolkata, and 13% in Chandigarh. These crustal elements are probably emitted principally in the
form of fugitive dust. Al and Si are used as markers for dust as they are present as alumino-
silicates or clay minerals. Carrico et al. [2003] conclude that in Nepal, long range transport of
desert dust from arid regions is observed to the Indian subcontinent. They hypothesize that this
dust comes from West India, the Middle East and perhaps as far as the Sahara. Saharan dust
production peaks in March [Marticorena et al., 1997]. African dust transported eastward into the
Middle East peaks in April [Ganor, 1994, Moulin et al., 1998]. Effects of long range transport of

desert dust may be present in these samples during peak dust seasons. However, Mumbai seems
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to experience high dust concentration throughout the year, possibly because of the heavy roads

and buildings construction in the city.

Non-crustal metals (e.g., V, Cr, Mn) contribute only about 1% to the fine particle mass in
all of the three cities. Concentrations of trace metals, as measured by XRF, can be found in Table
3.5.

Table 3.5. Trace metal concentrations in pg m™ in the ambient fine particle in Delhi,
Mumbai, and Kolkata during the year 2001.

Delhi Mumbai Kolkata
Annal Avg|Std Dev  [Annval Avg|Std Dev | Annual Avg|Std Dev
Mg 0.1161 0.0597 0.1627 0.0324% 00613 0.1206
Al 06126 0.0395 0.4808 0.0314 04041 0.0309
31 1.7444 0.0802 1.3428 0.0699 1.1916]  0.0627
F 0.0000 0.0246 0.0019 0.0192 0.0008|  0.0208
K 17613 0.0800 0.7330 0.0415 14908 0.0763
Ca 06123 0.0346 0.7331 0.0387 03667 0.0224
Ti 0.0472 0.0550 0.0487 0.0531 00434 00521
W 0.0040 0.0340 0.0066 0.0298 00037 0.02%0
Cr 0.0134 0.0068 0.0032 0.0058 0.0032]  0.0057
Ifn 0.0516 0.0039 0.0234 0.0025 00307 0.0030
Fe 06665 0.0338 0.7142 00361 0.5013]  0.0256
Co 0.0000 0.0110 0.0000 0.0116 00001 0.0085
Mi 0.0057 0.0017 0.0131 0.0014 0.0023]  0.0025
Cu 0.0845 0.0047 0.0638 0.0038 00452 0.0030
Zn 0.4476 0.0227 0.1606 0.0087 0.2783] 0.0144
Ga 0.0041 0.0088 0.0027 0.0056 00061 0.0118
As 0.0074 0.0524 0.0022 0.0247 0.0127] 0.1368
Se 0.0033 0.0052 0.0026 0.0038 0.0030]  0.0063
Er 0.0503 0.0040 0.0222 0.0020 00235  0.0043
Eb 0.0043 0.0030 0.0021 0.0029 0.0041 0.0024
Sr 0.0051 0.0026 0.0069 0.0016 00032 0.0026
by 0.0050 0.0075 0.0020 0.0045 00065  0.0099
Zr 0.0034 0.0048 0.0028 0.0047 0.0026|  0.0053
o 0.0037 0.0105 0.0047 0.0093 0.0041 0.0105
Fd 0.0011 0.0237 0.0005 0.0224 00008 0.0234
Ag 0.0034 0.0289 0.0217 0.0239 00052 0.0293
Cd 0.0108 0.0301 0.0040 0.0278 00154  0.0253
In 0.0066 0.0347 0.0047 00316 00042  0.0337
Sn 0.0138 0.043% 0.0081 0.0434 0.0146|  0.0442
b 0.014%9 0.0553 0.0039 0.0511 0.0104] 0.0525
Ba 0.0430 0.1560 0.0646 0.1688 00503  0.1945
La 0.0787 0.2814 0.0514 0.2704 0.0483] 0.2858
Aun 0.0147 0.0184 0.007%9 0.0102 00083 0.0155
Hg 0.0040 0.0085 0.0044 0.0072 0.0023]  0.0082
Tl 0.0001 0.0182 0.0008 0.003% 0.0004|  0.0256
Fb 0.5769 0.0300 0.1371 0.0093 0.8586| 0.0443
1) 0.0037 0.0080 0.0035 0.0072 0.0031 0.0079
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It is interesting to note that the annual average lead concentrations were 0.58+0.03 pg m™,
0.14+0.01 pg m™ and 0.86+0.04 pg m™ in Delhi, Mumbai, and Kolkata respectively. Lead
concentrations seem to increase during the colder months leading to concentrations as high as 2.4
pg m” in Delhi (January 4, 2002), 0.5 pg m” in Mumbai (December 11, 2001), and 3.4 pg m” in
Kolkata (December 17, 2001). In 1992, Shahandra in Delhi recorded the highest annual average
of 8.5 pg m™~ [Aggarwal, 1999]. Lead has been added traditionally to petrol as anti-knock agents
to raise its octane level. Removing the lead from petrol can virtually eliminate the largest source
of lead in the cities using leaded fuel since it is the primary source of airborne lead emissions in
such Indian cities. Unleaded petrol was introduced in Delhi and by September 1, 1998 Delhi
became lead free. However, our results show that lead is still present in these cities, probably
from re-entrainment of lead-laden dust, from smelter activities, or from residual lead in

automobile systems.

Vehicular traffic in most Indian cities is disproportionately dominated by extremely
polluting vehicles [Aggarwal et al., 1999]. In December 1998, Saifuddin Soz, then the Union
Minister for Environment and Forests, issued a white paper on Delhi’s pollution mentioning that
while the relative contribution of industries and domestic sources to total air pollution load in
Delhi has been steadily declining since 1970, the contribution of automobile emissions has been
increasing dramatically. Under Supreme Court orders, the Ministry of Petroleum and Natural
Gas (MPNG) introduced diesel with a 500 ppm wt sulfur content in the severely polluted cities
of Delhi, Mumbai, and Kolkata. Table 3.6 describes the changes in sulfur specifications that took

place during the year 2001 in all of the three Indian megacities.
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Table 3.6. Diesel sulfur specifications in Delhi, Kolkata, and Mumbai.

City Private diesel vehicles All diesel vehicles

Delhi 2500 ppm wt until April 2000, 500 2500 ppm wt until March 2001, 500

ppm wt thereafter ppm wt thereafter

Kolkata | 2500 ppm wt until July 2001, 500 ppm | 2500 ppm wt until October 2001, 500

wt thereafter ppm wt thereafter

Mumbai | 2500 ppm wt until January 2001, 500 | 2500 ppm wt until October 2001, 500

ppm wt thereafter ppm wt thereafter

All three Indian cities have switched sulfur content for all vehicles from 2500 ppm wt to 500
ppm wt at different months during the year 2001. As seen in Figure 3.6, reduction in sulfur
content of diesel fuel appears to have decreased the ambient measured sulfate in all three.

Continuation of similar measurements would support the validity of this finding.

65



18%

500 ppm 500 ppm 2300 ppm 500 ppm
16% -+ .
*
*

14% -+
Y
i *
g 12% - *
= +
u— +
2 10% -
F
o *

*
8 8% - *
]
= .
: -
3 6%
-

4% -

2200 ppm 2500 ppm 500 ppm 2500 ppm 500 ppm
s0p -— » B — —
0% T T T T T T T T T T T T T

= c £ = = S £ E £ = £ E

A £ 2= & & 3 Z & & 3 =

] =

@ < @ < @ <
Delhi Mumbai Kolkata
Year 2001

All Diesel
“ehicles

Frivate Dieszel
*yshicles

Figure 3.6. Particulate sulfate trend in Indian cities in 2001 and changes in diesel sulfur
specifications. The vertical dashed lines represent the timeline when fuel specification changes

occurred in each of the four cities.

3.5. Conclusions

Chemically-detailed particulate matter characterization for Delhi, Mumbai, Kolkata, and

Chandigarh were also conducted during the year 2001. For the period studied, average fine

particle mass concentration during the winter season in Delhi was 231+1.6 pg m™, in Mumbai

was 89+0.5 pg m>, and in Kolkata was 305+1.]1 pg m™ and average fine particle mass
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concentration during the summer in Delhi was 50+0.6 ug m™, in Mumbai was 21+1.4 ug m”, in
Kolkata was 27+0.5 ug m™~, and in Chandigarh was 9+0.7 ug m™. Most of the observed PM, s
concentrations in Delhi and the wintertime PM, 5 concentrations in both Mumbai and Kolkata
exceeded the U.S. EPA 24-hour average PM, s standard of 65 pug m™ signifying unhealthy air
quality. Organic matter (OM), elemental carbon (EC), NO5", SO,*, CI,, NH,", and trace metals
were also analyzed, and OC and sulfate dominate total mass. These measurements provide
important information about the seasonal and spatial distribution of fine particle-phase inorganic

compounds in India.
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