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In the early 1990s, it was thought that ozone was the principle air pollutant driving
adverse health and environmental effects. However, a seminal publication by
Dockery et al. (Dockery, D.W., Pope, C.A., Xu, X., et al., 1993. An association
between air pollution and mortality in six US cities. N. Engl. J. Med. 329 (24), 1753—
1759) demonstrated that fine particulate matter (particles with aerodynamic
diameters <2.5 pm), generally referred to as PM, 5, was the major driver of mortality
in the six US cities that they had been studying. The other aspect of air pollution and
health that was prevalent then was that the health effects were primarily respiratory.
Again, as further studies of PM, 5 took place, it became clear that the most prominent
mortality cause was cardiovascular disease although substantial respiratory morbid-
ity was also induced by exposure to PM, 5 (U.S. Environmental Protection Agency,
1996. Air Quality Criteria for Particulate Matter, Report No. EPA/600/P-95/001aF,
https://cfpub.epa.gov/ncea/risk/recordisplay.cfm?deid=2832). In the absence of
biological mechanisms, the USA embarked on a major research program to better
understand the role of PM, 5 in inducing human health effects.

A major issue with understanding particulate matter effects is that it is not a
single, clearly defined chemical species like the major gaseous pollutants (CO, O3,
SO,, NO,) that are the same compounds anywhere in the world. PM, 5 varies in
composition throughout a year even in a single location. The nature of emission
sources varies widely between different societies ranging from simple three-stone
fires burning biomass (wood, dung, bagasse, etc.) to tangentially fired gigawatt coal-
fired power plants burning pulverized coal, but with coal having different mixtures
of associated mineral matter. Thus, the primary particles from coal-fired power
plants vary from location to location.

At the same time, combustion sources produce SO,, NO,, and often organic
compounds that can then oxidize in the air. The addition of oxygen molecules leads
to species that are less volatile and materials that can condense into pre-existing
particles or nucleate to form new particles that can coagulate and grow to larger
sizes. When inorganic gases oxidize, they form acids whereas when organic
compounds are oxidized, they form peroxy radicals that can rearrange to alkoxy
radicals that represent reactive oxygen species (ROS). Thus, there is a wide range of
possible toxicants in airborne particles, but at this time, there is still limited under-
standing of the role of particle composition in inducing the adverse effects. Some
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vi Foreword

work has also been done on source-specific PM; 5 and health outcomes that suggest
that particles from certain source types that can induced effects while other source
type particles did not. However, the relationships between compositions,
concentrations, and health outcomes are still quite uncertain and regulations con-
tinue to use PM mass as the metric on which to base controls, likely leading to
inefficiencies and additional costs in attaining the minimum of particulate initiated
health outcomes.

In this volume, a range of topics related to PM issues are presented including PM
sources, spatial and temporal variations, indoor—outdoor relationships, particulate
chemistry, toxicology, environmental effects, control technologies and regulatory
strategies are reviewed showing the progress that has been made over the past two
decades.

Department of Public Health Sciences Philip K. Hopke
University of Rochester
Rochester, NY, USA



It is now a well-known fact that the airborne particulate matter is one of the rising
global environmental problems. Coal power plants, industries and motor vehicles are
the important anthropogenic emission sources of particulate matter. However, emis-
sion from the burning of biomass, crop residue and dung cake are also an increasing
concern, especially in South Asia. Particulate matter releasing from a variety of
sources affects air quality, atmospheric chemistry and health. These particles have
both short- and long-term effects on atmospheric processes such as radiative forcing,
cloud formation, monsoon and hydrological cycle. Such increasing particulate
matter load is also responsible for respiratory, cardiovascular and gastrointestinal
problems and found associated with the global burden of disease. Long-term expo-
sure to ambient fine particulate matter is responsible for added extra cases of
mortality. All the contributing authors have written their respective chapters in a
simple language without any ambiguity. The objective of this book is to provide
information and facts to the researchers working in the field of atmospheric science,
environment and health. This book will not only be useful for teachers and research
scholars, but also be of great value to policymakers in understanding the source and
human health impact of ambient particulate matter.

Delhi, India Saurabh Sonwani
Anuradha Shukla
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Abstract

The problem of airborne particulate matter is rising since past few decades, and
now it has been a major cause of concern for air quality, climate and environ-
mental health, especially for the developing nations. Characteristics of the partic-
ulate matter depend on their source of origin, morphology and composition.
Variety of airborne particulate participates in the atmospheric chemistry and
physics and impacts on human health after their exposure. The present chapter
provides a brief outline of the airborne particulate matter with respect to their
source, chemistry and health impacts on human health. It also mentioned the
important source apportionment analysis used for possible source identification.
Secondary aerosol formation through gas-to-particle conversion and atmospheric
deposition process (dry and wet deposition) for the removal of particulate matter
was also discussed in detail. The adverse effect of increasing level of ambient
particulate matter through various exposure pathways (inhalation, ingestion and
dermal) was also mentioned. Such expose can cause cardiopulmonary and lung
cancer-related issues and is responsible for the increase in the rate of mortality.
Thus, it was suggested that by following the ambient air quality standards, the
average life expectancy can be improved across the world.
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1.1 Introduction

Airborne particulate matters, consisting of solid or liquid particles suspended into the
atmosphere, may be a complex mixture of organic chemicals, metals, and soil or dust
particles. Such particulates range in size from few tens of Angstroms to several
hundred micrometres. Particulate matters (PMs) are classified on the basis of their
size range, source of origin, chemical composition and effects. PMs are originated
from variety of natural (dust, sea salt, forest fire and volcanic eruption) and anthro-
pogenic sources (traffic, coal combustion, industries and biomass burning). It can be
categorized into primary (directly release from their sources) and secondary
pollutants (form through atmospheric chemical transformation reaction) on the
basis of their origin. Source apportionment studies are performed to identify the
possible source of the particulate matters in the atmosphere. The finer particles
comprise the secondary aerosol, combustion particles, and recondensed metallic
and organic vapours. Finer particles also contain carbonaceous fraction of fine
particles that consist of elemental carbon (produced by incomplete combustion)
and organic carbon (produced by combustion exhaust and secondary organic
compounds formed by photochemistry). These constituents are the most abundant
in fine particles after sulphates. Additionally, sulphates and nitrate are designated as
the most abundant chemical species along with coarser PM. However, the most
common combination of the coarser particles consists of oxides of silicon, alumin-
ium, calcium and iron. The size of airborne particulate matter differs over different
orders of magnitude (Fig. 1.1). Coarser PM, less than 10 pm or less in diameter, is
considered as PM(, whereas finer particles (PM less or equal to 2.5 pm in diameter)
are considered as PM, s.

The coarse mode particles are mechanically produced by the break-up of larger
solid particles. These particles can be originated from resuspension of soil dust
during agricultural processes, uncovered land or mining operations. Seal salt
spray, pollen grain and resuspension of road dust are also considered as coarse
mode particles. Fine mode particles are largely produced from gases. The particle
less than 0.1 pm is formed by the condensation of low vapour pressure substances or
by atmospheric chemical reactions. Gas or vapour molecule is attached on the
particle surfaces resulting in increase in the particle size, known as condensation,
and it is the most common process in the finer particles, whereas the coagulation is
the most efficient for large numbers of particles.

Apart from size and shape of the particle, the chemistry of the PM is very much
dependent on its chemical composition. Inorganic ions and organic compounds
constitute a major fraction of the particulate matter, while elemental carbon
(EC) also known as black carbon (BC) contributes to a lesser fraction (Krivacsy
et al. 2001). The concentration of different inorganic ions has been reported by
several studies across the world, whereas the data for carbonaceous components are
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Fig. 1.1 Schematic illustration of the size distribution of airborne particulate matter in atmosphere
(USEPA 1996)

still limited due to the unavailability of instrumentation facility for OC and EC
quantification. In the recent decade, new instrumentation facility (aerosol mass
spectrometry, thermal—optical carbonaceous analysers) has been introduced for the
quantitative determination of the OC and EC fraction, which confirmed their domi-
nant fraction of the fine particulate matter emitted from variety of sources (Zhang
et al. 2007; Sonwani et al. 2021a, b). The sources of such carbonaceous aerosol can
be different in urban area from rural area. In most of the cases, predominant source of
carbonaceous aerosol in urban area is emission from coal thermal power plants,
motor vehicles, biomass burning and industries.

The gas-to-particle conversion is another way for the formation of aerosol
through nucleation process (Anisimov 2003). In this process, gases present in the
atmosphere are transformed into condensable molecular species, e.g. formation of
nitric acid from NO, and sulphuric acid from SO,. A number of studies mentioned
the formation of secondary aerosol (SA) through the chemical reactions are a
significant fraction of PM in Asian region (Balachandran et al. 2000; Kulshrestha
et al. 2009; Huang et al. 2014; Sudheer et al. 2015; Sonwani and Saxena 2021). The
physical and chemical properties of secondary organic aerosol (SOA) and secondary
inorganic aerosol (SIA) are different from the aerosol that is directly released into the
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atmosphere from any source. Therefore, their impact on climate, visibility and health
can be significantly different. The water-soluble fraction of SOA and SIA within PM
can also affect their hygroscopic properties (Sonwani and Kulshrestha 2019). Source
apportionment of carbonaceous aerosol and their fraction has been carried out by
several studies across the world. Chemical mass balance (CMB), principal compo-
nent analysis (PCA) and positive matrix factorization (PMF) are the most common
source apportionment analysis used for the PM and their chemical components
(Khillare et al. 2004; Gupta et al. 2007; Salim et al. 2019; Jain et al. 2020).

Atmospheric dry deposition and wet deposition are important atmospheric pro-
cesses to reduce PM load in the atmosphere. Dry deposition of PM refers to its
deposition through the direct delivery of mass to the surface (Dolske and Gatz 1985).
On the other hand, wet deposition chemistry of PM is referred as the scavenging of
PM through ‘rainout particles/in-cloud scavenging’ (undergoing capture by cloud
water) and as ‘washout/below-cloud scavenging’ (removal of below-cloud particles
by raindrops as they fall) (Sonwani and Kulshrestha 2019; Sonwani et al. 2021a).
Fine PM can play a significant role in the formation of cloud condensation nuclei
(CCN) during the process of cloud formation. Several studies also reported the role
of atmospheric PM in radiative forcing, global carbon cycle, climate change and
environmental health (Sonwani et al. 2021b; Jolliet et al. 2018; Jimoda 2012; Saxena
and Sonwani 2019a, b). PM,, particles are also considered as respiratory suspended
particulate matter (RSPM) as they are capable of penetrating deep inside the lungs and
cause several adverse health-related issues (Sonwani et al. 2022). PM, 5 particles are
the most harmful among all air pollutants, as they can easily enter inside the alveoli
and subsequently stuck to the lung parenchyma (Pope et al. 1992). The short-term
exposure of PM, 5 can worsen the condition of patient suffering from asthma and
bronchitis, whereas long-term exposure can cause cardiovascular problems, respira-
tory disorders and lung cancer (Turner et al. 2011; Sonwani and Kulshreshtha 2016).

PM exposure causes various environmental health issues. The effect of PM
exposure to human health is widely known and discussed across the world. There
are several routes of PM exposure viz. inhalation, ingestion and dermal exposure, in
which inhalation exposure is the most common route of exposure in human beings.
The effects of the exposed particulate on health depend on its size, shape, concen-
tration and chemical composition of the PM in surrounding environment (Pope III
and Dockery 2006; Kelly and Fussell 2012; Saxena et al. 2017; Sonwani et al.
2021a, b; Sonwani and Kulshreshtha 2016). People’s age, gender, immunity and
occupancy of a person in a particulate environment are other important factors to
decide the overall impact of air pollutants on human health (Kan et al. 2008; Kim
et al. 2013; Goel et al. 2021). PM exposure causes 3% and 5% cases of cardiopul-
monary and lung cancer-related mortality globally. In European countries, this
fraction is ranged between 1-3% and 2-5%, respectively (Cohen et al. 2017). It
was also estimated that the annual exposure of PM, s causes 3.1 million deaths and
around 3.1% of global disability-adjusted life years (Lim et al. 2012). Thus, the
average life expectancy of any population is decreased due to PM, s exposure.
Studies also reported that the average life expectancy increased after following the
air quality guidelines of WHO (Goel et al. 2021; Sonwani et al. 2021c; Nagpure et al.
2017).
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1.2  Summary of Chapters

Second chapter provides an overview of particulate matter in atmosphere viz.
sources, emissions and classification according to size, dynamics, properties and
characteristics in atmosphere. The chapter also details the optical and radiative
properties.

Third chapter summarizes the geographical distribution and dispersion of par-
ticulate matter under the influence of the role of meteorological parameters. It also
discusses the air dispersion model and statistics that are employed to observe the
path and travel of pollutants.

Fourth chapter discusses briefly the abundance, measurement and
characteristics of airborne particles in indoor and outdoor environments. This chap-
ter also includes the possible impact of indoor and outdoor particulate on environ-
mental and human health.

Fifth chapter includes detailed insight about some of the important observations
on temporal variability and processes from high-resolution atmospheric data set of
aerosols and reactive gases. This chapter also highlights the utility of other Continu-
ous Ambient Air Quality Monitoring Stations in India for the exploration of air
quality research, public health and awareness, and policy decision-makers.

Sixth chapter presents a detailed review on the characterization of primary and
secondary airborne particulates with a brief outline of emission sources of primary
and secondary particles to identify the main sources of origin, chemical structure and
size distribution of particles.

Seventh chapter provides the information regarding regulations and standards of
fine particles and discusses the primary and secondary sources of fine particulate
pollution. This chapter demonstrated the biological and chemical components of fine
particles that play a critical role in the toxicological implications of fine particulates.
This chapter also provides an overview of the molecular mechanisms connecting fine
particulate exposure and health effects.

Eighth chapter discusses and provides an overview on the various types of
bioaerosols, their probable sources, emission mechanism and classification. It also
discusses bioaerosol toxicity and related disease due to exposure in indoor and
outdoor environment.

Ninth chapter primarily focuses on the impact of respirable particulate exposure
on cardiopulmonary, nervous system and related mortality. It also provides informa-
tion about the epidemiological and experimental studies demonstrating the effects of
airborne particles on human health and related mechanism of toxicity.

Tenth chapter reviews the significant impact of particulate pollution on plant
species by considering their morphological characteristics, reproduction and bio-
chemical parameters and physiological parameters. This chapter also mentioned
tolerance and sensitivity of plants in relation to particulate pollution that can be
helpful in greenbelt development and landscape planning.

Eleventh chapter provides a comprehensive review of the tools, technologies
and approaches employed to manage and mitigate ambient particulate matter. The
authors propose a framework for the management of PM considering the entire
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impact pathway of PM, from source to the receiving environment, and mentioned
that the management of PM needs to be approached holistically.

Twelfth chapter is an attempt to understand the policies and regulation related to
PM across the world in transport sector across the world. This chapter also provides a
detailed review of the particulate policy regulation in the transport sector and also
describes the science—policy gaps in regulation of air pollution.
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Abstract

Particulate matter is recognised to have profound effect on environment and
climate changes. It is essential that the sources of particulate matter in atmosphere
are well understood and quantified to provide a sound basis for formulating
policies for the reduction in anthropogenic influences on climate. For the formu-
lation of preliminary estimate of particulate matter burden and impacts, it is
necessary to know the relative importance of generation of these particles and
the relevant pathways in atmosphere. This chapter provides an overview on
emission sources of particulate matters in the atmosphere. The chapter also details
the optical and radiative properties.
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2.1 Introduction

Air pollution occurs when gases, chemicals or particles in the air are present in the
concentration that can harm the health of humans, animals and plants. Rapid
industrialisation and urbanisation over the past few decades have led to high levels
of outdoor pollution throughout the world, and air pollution has become a major
environmental and public health challenge. WHO data show that 9 out of 10 people
breathe air containing high levels of pollutants and estimated death toll of seven
million people worldwide every year due to air pollution (WHO 2018). Greenstone
et al. (2015) estimated that half of the Indian population (660 million) is living in the
areas where air pollution levels exceed the National Ambient Air Quality Standard
(NAAQS) for fine particulate pollution. Venkataraman et al. (2018) indicated that
99.9% of Indian population resides in areas where the World Health Organization
(WHO) Air Quality Guideline of 10 pg/m’ is exceeded. Thus, among all the air
pollutants, particulate matter has been identified as the most critical pollutant. These
fine particles are of great concern as they give rise to health-related air pollution risks
on urban scales, reduce visibility on regional scales and suppress the rainfall leading
to weaker hydrological cycle (Kampa and Castanas 2008; Gurjar et al. 2010; Mohan
and Payra 2009; Jaswal et al. 2013; Ramanathan et al. 2001).

2.2 Classification of Particulate Matter

Particulate matter (PM) can be classified into four distinct groups based on number,
surface area and volume distributions—nucleation, Aitken, accumulation and coarse
mode (Fig. 2.1). Classification of particulate matter into different modes and size
bins is very significant to understand their physical, chemical and optical properties,
as well as their health impacts. Atmospheric particles undergo different processes in
the atmosphere such as formation (gas-to-particle conversion and photochemical
reactions), growth (coagulation and condensation) and removal (deposition and
washout). These particles are distinct in their properties and compositions and
have different atmospheric lifetimes.

* Nucleation mode—These particles have diameters smaller than 0.01 pm. They
are emitted into the atmosphere directly due to combustion processes or formed in
the atmosphere by gas-to-particle conversion processes. Nucleus particles have
very short atmospheric lifetimes, and their concentrations reduce rapidly with
increasing distance from the source. These particles move under Brownian
motion, collide with adjacent particles and then coagulate and condense upon
existing particles.

¢ Aitken mode—These particles have diameters extending from 0.01 to 0.1 pm.
Aitken mode particles are formed by coagulation and condensational growth of
nucleation mode particles. They also have a short lifetime and get lost by
coagulation with larger particles.
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Fig. 2.1 Illustration of different modes in a typical atmospheric particle volume distribution
(adapted from Araujo and Nel 2009)

* Accumulation mode—These particles have diameters extending from 0.1 to
1.0 pm. They are emitted into the atmosphere either due to incomplete combus-
tion of fuels or due to coagulation of nucleation/Aitken mode particles. These
particles are aerodynamically stable and have a relatively longer lifetime in the
atmosphere, thus tend to accumulate in the atmosphere.

* Coarse mode—These particles have diameters larger than 1.0 pm and are emitted
via mechanical abrasion processes. The coarse mode particles are introduced into
the atmosphere via both natural (wind-blown dust, large salt particles from sea
spray) and anthropogenic sources (agricultural and industrial processes). Since
coarse particles have relatively larger size, they have a short lifetime in the
atmosphere and readily settle down by sedimentation.

The number concentration of the particles is usually dominated by nucleation and
Aitken mode fine particles, whereas the particle surface area and volume (and thus
mass) are dominated by accumulation and course mode larger particles.

For health purposes, particulate matter is typically defined by size, within certain
size classes (Fig. 2.2) as follows:
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« Ultrafine particles
Combustion particles, traffic
emissions etc.
< 0.1 pm (microns) in diameter

e PM2.5
Combustion particles, organic
compounds, metals, etc.
< 2.5 pm (microns) in diameter

Human hair
50 - 70 pm
(microns) in diameter

O pPM10
Dust, pollen, mold, etc.
< 10 pm (microns) in diameter

Fine beach sand
90um (microns) in diameter

Fig. 2.2 Size comparison of particles (https://www.epa.gov/pm-pollution/particulate-matter-pm-
basics)

Total suspended particulates (TSP)—with diameter < 30 pm;
Coarse particulates (PM10)—with diameter < 10 pm;

Fine particulates (PM2.5)—with diameter < 2.5 pm; and.
Ultrafine particulates (PMO.1)—with diameter < 0.1 pm.

There is a huge concern in public health community about the adverse effect of
these particulates on human health. They have the ability to penetrate and deposit on
the respiratory tract. Ultrafine particulates can reach the most distal alveolar lung
region and cause respiratory and cardiovascular illnesses.

Thus, to safeguard the public health and protect the environment air quality
regulations are made and standards are set up around the world to support a safe
threshold level of exposure. Based on known health effects, both short-term (24-h)
and long-term (annual mean) guidelines are provided. Air Quality Index (AQI) is a
measure of air quality keeping the heath in consideration. The AQI is based on the
five major air pollutants where particulate matter is major contributor. According to
Clean Air Act, particle pollution (PM, s and PM,,), ozone (Os), sulphur dioxide
(80,), nitrogen dioxide (NO,) and carbon monoxide (CO) are main parameter. We
can also use ammonia (NH3), lead (Pb), etc., for calculation of AQI. For each of
these pollutants, the concentration of the pollutant in the air is converted to a number
on the AQIL The WHO guideline stipulates that PM, 5 should not exceed 10 pg/m’
annual mean or 25 pg/m> 24-h mean; and PM;, should not exceed 20 pg/m> annual
mean or 50 pg/m> 24-h mean. Central Pollution Control Board (CPCB) in India also
set up National Ambient Air Quality Standards (NAAQS) under the Air (Prevention
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Table 2.1 AQI scale AQI category (range) PM,, (24 h) PM, 5 (24 h)
0-500 (units: pg/m” unless

. . Good 0-50 0-30
mentioned otherwise)
Satisfactory 51-100 31-60
Moderately polluted 101-250 61-90
Poor 251-350 91-120
Very poor 351-430 121-250
Severe >430 >250

and Control of Pollution) Act 1981. The CPCB guideline stipulates that PM, 5
should not exceed 40 pg/m® annual mean and 60 pg/m® 24-h mean; and PM,
should not exceed 60 pg/m> annual mean and 100 pg/m® 24-h mean (Table 2.1).
Indian Standards are slightly less stringent as compared to WHO guidelines.

2.3 Sources of Particulate Matter

Air pollutants consist of a complex combination of gases and particulate matter
(PM). Particulate matter is made up of a collection of solid and/or liquid materials of
various sizes that range from a few nanometres in diameter (about the size of a virus)
to around 100 micrometres (100 pm, about the thickness of a human hair).

PM is either emitted directly from the source into the atmosphere (primary) or
formed due to chemical transformation of the primary particulates in the atmosphere
through gas-to-particle conversion (secondary). Primarily, all the emission
sources contributing to atmospheric PM concentration are classified into two
categories namely stationary and mobile sources. Further, these sources can be
sub-categorised based on the nature of origin (natural and anthropogenic) and
processes involved in emission (combustion and non-combustion). Sources of
primary particulate matter can be both natural (Fig. 2.3) and anthropogenic
(Fig. 2.4) in nature. The bulk of aerosols by mass have natural origins. Anthropo-
genic PMs are less abundant than natural PMs, but they dominate the air downwind
of urban and industrial areas. Annual global emission flux of natural and anthropo-
genic particulates from various sources is estimated to be 5875 Tg/year and 440 Tg/
year, respectively (IPCC 2001).

In this section, effective classification and sub-classification of PM emission
sources have been presented.

2.3.1 Stationary Sources

In air quality terminology, stationary source is defined as a fixed emitter of pollutants
in the atmosphere (in this case PM). The nature of origin of pollutant can be both
natural (e.g. forest fire and volcanic eruption) and anthropogenic (e.g. industries,
biomass burning, construction activity and cooking activity). A few examples of
natural and anthropogenic stationary emission sources are described below.
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Fig. 2.3 Sources of natural particulate matter (https://www.pexels.com/)

Fig. 2.4 Sources of anthropogenic particulate matter (https://www.pexels.com/)

2.3.1.1 Natural Stationary Sources
Particulate matter originates naturally from a variety of stationary sources. Out of
these, two most prominent sources are volcanic eruptions and wildfires.

* Volcanic eruptions inject large quantities of ash and gases into the atmosphere.
The particles ejected from volcanoes in the form of dust and ash consist of
substances like minerals, silicates and metallic oxides; and gases like carbon
dioxide, water vapour and sulphur dioxide. The scattering and absorbing


https://www.pexels.com/
https://www.pexels.com/

2 Emission Sources of Particulate Matter 15

properties of volcanic particles affect the Earth’s radiation budget. Volcanic
eruption of Mount Pinatubo in 1991 injected about 15 million tons of sulphur
dioxide, where it reacted to form sulphuric acid droplets and increased the aerosol
optical depth of the atmosphere. This resulted in reduction in global mean air
temperatures, by up to 0.5 °C at the surface and 0.6 °C in the troposphere, for
some months (Parker et al. 1996).

* Wildfires are the uncontrolled fires in natural areas like forest, grassland, savannas
and prairie. They can start during dry weather with natural occurrence like
lightning or due to human-caused spark. Particulate fraction of wildfire consists
of small smoke particles mainly having submicron sizes. These fires cause health
and safety hazards, affect the air quality, change the cloud microphysical pro-
cesses and reduce the visibility to a few metres. Wildfire smoke is highly variable
in terms of physical properties and chemical composition (Patterson and
McMahon 1984, Jain et al. 2021).

2.3.1.2 Anthropogenic Stationary Sources

Particulates formed from anthropogenic activities are due to fossil fuel combustion
from power plants, industries and residential sector; agricultural activities; and
stubble burning and construction activities.

* Emissions from power plants contain fine particulate matter precursors. In India,
power plants majorly use coal (50-55%) for electricity production and account
for 15% for PM, 5 estimated annual anthropogenic emissions (GAINS 2012).
503 million tons of coal was consumed at the power plants in India with a total
capacity to generate 120,727 MW of electricity in 2010-2011 (CEA 2011), and
the demands for power are further increasing at a rapid rate.

* Major industries such as cement, iron and steel, brick, fertiliser, aluminium, glass,
paper and chemical use fuels such as coal (51%), petroleum products (16%) and
electricity (13%) to meet energy demands for manufacturing products (Sharma
et al. 2016).

* Fossil fuel combustion from residential sector is used mainly for the purpose of
cooking, lighting and heating. In the residential sector, fuel choices include fuel
wood, dung cake, crop residue, coal (solid fuels); kerosene (liquid fuel); and LPG,
natural gas and biogas (gaseous fuel). In rural households, fuel wood (60%), crop
residues (12%) and cow dung cakes (11%) are mainly used (Census of India
2011).

» Agricultural activities contribute to particulates majorly from livestock, land
preparation, crop harvesting, pesticides, erosion due to wind and crop residue
burning. The stubble burning is a common practice in agriculture after harvesting
as a low-cost action to reduce the time between harvesting and sowing for the
second winter crop. Open burning of crop residue is a major source of fine
particulate matter during the months of October and November each year in the
area of Indo-Gangetic Plains (IGP), which significantly impacts the regional air
quality.
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* Processes of construction activities such as land clearing, demolition, transporta-
tion of materials and operation of machines contribute to particulate pollution.

2.3.2 Mobile Sources

A mobile source is defined as any source that is non-stationary or moving. Examples
of mobile PM emission sources are sea spray, wind-blown dust, automobiles and
various other vehicles. Mobile sources can also be further classified into natural
mobile sources and anthropogenic mobile sources.

2.3.2.1 Natural Mobile Sources
Major natural mobile sources, i.e. biological particles, wind-blown dust and sea salt,
are discussed below.

* Biological particles are solid airborne primary particles derived from fragments
of biological materials such as plant debris (cuticular waxes, leaf fragments),
humic matter, animal dander and microbial particles (bacteria, fungi, viruses,
algae, pollen, spores, litchen, protozoa, archaea). These particles exhibit a large
variety of shapes and cover a wide size range from 1 nm to 100 pm. Primary
biogenic particles have the ability to act as both cloud droplet and ice nuclei
(IPCC 2001; Després et al. 2012).

* Dust particles originate from arid and semi-arid regions or areas with little or no
vegetation with the action of strong winds. Normally, size of wind-blown dust
can range from 0.1 to 20 pm. Dust can interact with atmospheric radiation directly
(scattering and absorbing radiation) or indirectly (by acting as cloud condensation
nuclei or ice nuclei), and impact the atmospheric visibility. An accurate informa-
tion of particle size distribution, morphology and chemical composition of dust is
key to estimate the magnitude of its impacts on atmosphere (Formenti et al. 2011).

» Sea spray particles are formed through wave breaking at the ocean surface and
represent one of the most abundant sources of natural aerosols. Size range of these
particles is about 0.05—-10 pm diameter and has a correspondingly wide range of
atmospheric lifetimes. Sea spray particles have the ability to scatter light and
serve as cloud condensation and ice nuclei, thus impact Earth’s radiation budget
(Bertram et al. 2018).

2.3.2.2 Anthropogenic Mobile Sources

Two of the most dominant anthropogenic mobile source contributing significantly to
the atmospheric PM concentration, i.e. transportation and entrainment of road dust
into the air, are discussed below.

e Transport sector emits different kinds of emissions (primary PM emissions from
exhaust; organic and inorganic gaseous PM precursors from the fuel combustion)
from various vehicle types. There has been rapid growth in transport sector in
India that has led to increase in particulate pollution from vehicular sources.
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* Road dust is dust lying on roads that gets resuspended in air due to vehicular
movement. This dust can include wear and tear from the tyres, small gravels and
asphalt.

There is a higher contribution of the transport sector at the urban scales compared
to national scales (CPCB 2011). The BC emissions are dominated by diesel-driven
vehicles, whereas OC emissions are dominated from gasoline-driven
vehicles (Sonwani et al. 2021). According to Sharma et al. (2016), PM;( emissions
are dominated by the industrial (36%) and residential combustion (39%) sectors.
Power plant contributes 4%, whereas transport contributes 3% at the national scale.
According to study conducted by IIT Kanpur (DPCC 2016), sources of PM10 and
PM2.5 contributing to ambient air quality during summer include coal and fly ash
(37-26%), soil and road dust (26-27%), secondary particles (10-15%), biomass
burning (7-12%), vehicles (6-9%) and waste burning (8—7%), whereas that during
winter include secondary particles (25-30%), vehicles (20-25%), biomass burning
(17-26%) and waste burning (9-8%).

2.3.3 Secondary Particulate Matter

Secondary particles are formed in the atmosphere through oxidation of precursor
gases—NH3;, SO,, NOx and organic compounds via gas-to-particle conversion.
Sulphates, nitrates, ammonium and secondary organic compounds are the most
common secondary particulates. These particles are subject to growth and
transformations on the surface of existing particles.

24 PM Emission Inventory: Global Approach

Air pollutant emission inventory is an all-inclusive list of pollutants from all
emission sources in a given geographic region for the given time period. In order
to create a reliable emission inventory for a particular region, the subsequent
procedure can be followed:

. Make a record of all the types of emission sources,

. Ascertain the kinds of pollutant emission from each of the listed sources,

. Find out the emission factor (EF) for each of the pollutants,

. Ascertain the number and size of specific sources in the region and.

. Multiply the appropriate numbers from steps (3) and (4) to obtain the total
emissions and then sum up the similar emissions to obtain the total for the region
(Bang and Khue 2019).

N AW N =

The data sets in emission inventories are used to determine the amount of air
pollutants being emitted to the atmosphere, produced from natural or anthropogenic
sources, at a definite geographic region for a given time period. Emission inventories
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Table 2.2 Inventories including particulate matter (PM) emissions (list is not exhaustive)

Species considered (only

Spatial Temporal PM and related species are
resolution resolution listed) Source
EDGARv4.2 0.1° x 0.1° Annual, PMiq Janssens-
(Global) 1970-2008 Maenhout
et al. (2011)
EDGAR- 0.1° x 0.1° Annual, PM,y, PM, 5, BC and OC Janssens-
HTAP_v2 2008-2010 Maenhout
(Global) et al. (2015)
GEIA 1° x 1° BC only Penner et al.
(Global) (1993)
GAINS 50 x 50 km Annual, BC, OC, TSP, PM,(, PM, 5 Kupiainen
(Europe) 1990-2030 and Klimont
(2004)
EMEP 0.1° x 0.1° Annual, PM;, PM; 5 http://www.
(Europe) 1980-2013 ceip.at/
TNO- 1/8° x 1/16° Annual, PM;q, PM; 5, OC and EC Kuenen et al.
MACC-II 2003-2009 (2014)
(Europe)
REAS 2.1 0.25° x 0.25° | Monthly, PM,y, PM, 5, BC and OC Kurokawa
(Asia) 2000-2008 et al. (2013)
REASvV3 0.25° x 0.25° | Monthly, PM,4, PM, 5, BC and OC Kurokawa
(Asia) 1950-2015 and Ohara
(2020)
MIX (Asia) 0.25° x 0.25° | Monthly, PM,y, PM, 5, BC and OC Liet al.
2008 and (2017)
2010

Note: Only global- and continental-level emission inventories are listed

are generally recognised as key inputs in modelling studies and where prediction of
pollutant concentration is to be determined. Some of the most widely used emission
inventories to ascertain particulate matter (PM) emissions and its damaging effects
on ambient air quality are listed below (Table 2.2).

2.4.1 Development Methods

Emission inventories for air pollutants may be collected and developed using various
methods, out of which two of the most common methods are as follows: bottom-up
method and top-down method. The bottom-up method of estimating pollutant
emission is based on the emission rates of that particular pollutant. On the contrary,
top-down method utilises ambient observations for emission inventory development.
Both of the aforementioned approaches are discussed in detail.


http://www.ceip.at/
http://www.ceip.at/

2 Emission Sources of Particulate Matter 19

2.4.1.1 Bottom-Up Method

Emission estimates utilised in the bottom-up approach are based on three factors
namely activity factor, emission factors and control factors, as expressed in Eq. (2.1)
(Simon et al. 2008).

Emission rate = Activity factor * Emission factor * Control factor (2.1)

where

Activity factor describes emission source use,

Emission factor is the amount of pollutant released per unit activity, and

Control factor is the fractional decrease in pollutant release by an air pollution
control device (APCD).

Some examples representing activity factors can be the amount of diesel burned
by a non-mobile source annually or the distance covered by any vehicle in a month.
Representatives of emission factors can be pollutant emissions per unit mass of coal
combusted or pollutant emissions per kilometre distance covered by the vehicle. In
general, emission factors are supposed to be indicative of long-term arithmetic
means for all emission sources listed in the category. The emission factors may
need modifications to transform the activity into spatial and temporal units appropri-
ate for the emission inventory, and it is preferable to have emission factors for
particulate matter that describes its size and composition (Simon et al. 2008).
Emission factors for PM are assembled in numerous scientific literatures and gov-
ernment reports. Control factors represent the fractional decrement of the unre-
strained discharge by an air pollution control device used afore the emission point
of pollutant. Control factors may differ from one source type to another and also, by
area in consideration, since pollution regulation is often assigned by local or state
agencies. The emissions for each source category are calculated using Eq. (2.1) and
emission factors.

2.4.1.2 Top-Down Method

Numerous computational and analytical methods are used to compare PM concen-
tration observational data sets to data present in PM emission inventories. These
methods can also be utilised to deduce whether the relative emission rates in the
inventory are correct or whether emission sources are missing from the inventory.
Among these methods are chemical transport models, source receptor models and
trajectory analyses.

2.4.2 Emission Factor
An emission factor is the amount of pollutant released per unit activity. It is a relative

measure and can be used to estimate emissions from multiple sources of air pollu-
tion. Emission factors are often developed for specific sources but are then applied as
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is or with minor modifications based on engineering assumptions to other related
sources. It is possible that surrogate factors and/or size and speciation profiles will be
used in early PM planning activities, simply because factors and profiles will not be
available for all sources. Many of the emission factors and distribution profiles that
are available today were developed several years ago and may not be representative
of current operating and production conditions. Emission factors are generally
assumed to be representative of long-term averages for all sources in the emission
category represented by the emission factor. The emission factors may require
adjustment to convert the activity into a temporal and spatial unit suitable for the
inventory, and it is desirable to have emission factors for PM that specifies PM
composition and size. Examples of emission factors are the emissions per kilometre
travelled by an automobile or the emissions per mass of fuel combusted. Due to the
lack of data monitoring from factories, emission factors are adopted.

25 Composition of Particulate Matter

Chemical compositions of atmospheric particles are highly diverse and vary by time,
season, source and location. These particles are generally composed of elements,
metals, sulphates, nitrates, ammonium and carbonaceous material (Fig. 2.5). Partic-
ulate matter within a given size mode or size bin can be either externally mixed
(when distinct, homogeneous chemical species occur within the same particle) or
internally mixed (when each particle is composed of a single chemical species).
Mixing state of aerosol particles tends to change with transported distance, relative
humidity and in polluted atmosphere.

* FElements and metals—Mineral particles coming from rock, soil, construction and
road dust are generally rich in elements such as silicon, aluminium, calcium and
iron. Sea salt is rich in sodium and chloride. Potassium particles come from open
agricultural biomass burning. Iron, zinc, lead, copper, vanadium, nickel, chro-
mium and manganese come from combustion processes and industrial
activities (Saxena et al. 2020; Sonwani and Kulshrestha 2018). These insoluble
metal particles are generally mixed with sulphate, nitrate and organics. Sea salt
can mix with gaseous SO,, NOx and organic acid to form NaNOj3, Na,SO,4 and
Na containing organic salts.

* Inorganic secondary components—This primarily includes sulphate, nitrate and
ammonium. These are secondary components of particulates and are formed in
the atmosphere from the gases sulphur dioxide (SO,), nitrogen oxides (NOx) and
ammonia (NH3) (by gas-to-particle conversion). Initially in the atmosphere,
sulphate and nitrate are formed as sulphuric (H,SO,4) and nitric acid (HNO3),
which then reacts with atmospheric ammonia to form ammonium sulphate,
(NH4),SO4 and ammonium nitrate (NH4HSO,). Sulphates and nitrates are the
most dominant inorganic secondary particulates.
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Sulphates are internally mixed with organics and nitrates. Sulphates are highly
hygroscopic in nature; act as CCN in the atmosphere; and scatter radiation
causing cooling (IPCC, 2007). But sulphates mixed with absorbing organics
can enhance absorption. Thus, it is important to know the mixing state and
hygroscopicity of these particles to understand their optical properties.

* Primary carbonaceous fraction—It consists of elemental carbon (EC) and organic
carbon (OC). Elemental carbon is also called black carbon (BC)/graphitic carbon
or soot, and is formed due to forest fires, incomplete combustion of fossil fuels
and biomass burning. BC in the troposphere is the second greatest contributor to
global warming after CO2 (IPCC 2013). Organic carbon is also emitted from
fossil fuels and biomass burning. They are composed of mixture of chain-like
aggregate and organically bound carbon. They are generally mixed with sulphur-
and potassium-rich particles.

* Secondary organics—It is transformed from volatile organic compounds (VOCs)
emitted from various anthropogenic and natural sources. Primary organics
undergo physical and chemical transformation in the atmosphere to form second-
ary organics. They are mixture of different chemical species like aliphatic and
aromatic hydrocarbons, polycyclic aromatic hydrocarbons, carbonyls and acids.
They are generally mixed with other organic particles.

Due to highly complex nature of the particulate matter, their chemical composi-
tion, atmospheric chemistry, formation pathways and transformation processes are
not very well characterised. These particles have significant impact on climate, air
quality and human health. Thus, it is very crucial to improve our knowledge about
their sources, chemistry and composition. The recent advances in the state-of-the-art
analytical-chemical techniques including aerosol mass spectrometry (AMS), and
chromatographic and optical spectroscopy methods have allowed high-resolution
characterisation of these particulates.

2.6 Dynamics of Particulate Matter in the Atmosphere

A complete description of the particles size distribution is a challenging problem due
to varying ranges. In the real atmosphere, particle size distributions are continuous
and are typically represented with number size distribution functions.
dNn
n(r) =—=—dr 2.2
(n=5 (22)
where n(r) is the number (concentration) of particles in diameter size ranging from
r to r + dr. To plot such curve, size characteristics of a great number of particles are
required. There are several mathematical approaches proposed to characterise and
represent the diverse aerosol size distribution.
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2,6.1 Junge Distributions

Junge (1955) showed that observed particle distribution in the atmosphere from a
few tenths of a micron to few tens of microns gives a constant particulate volume per
log radius interval. This tendency can be expressed mathematically as

%zf“,zgaz3 (2.3)

The dominance of large or smaller particles depends on the value of a. This
distribution function assumes that the aerosol number concentration decreases
monotonically with increasing particle size. This is not generally true for atmo-
spheric aerosols so the distribution can be used for particles of radius, r > 0.1 m. The
main advantage of distribution is its simplicity.

2.6.2 Gamma Distributions

A modified form of Gamma distribution is largely used to describe the aerosol
ranges. The distribution can readily be derived as

n(r) =ar*exp (—br") (2.4)

where r is the particle radius, n(r) is the number density of particles per radius
interval, and a, b, a, and y are parameters to fit the observed distribution
(Deirmendjian 1969; Lenoble and Brogniez 1984).

2.6.3 Log-Normal Distributions

A log-normal function is very often used to represent aerosol size distribution
because of its properties. It reads as

Dy

N In £
n(lInD) = ———exp | —0.5 2.5
( ) V2 Ino, P <ln Ug) (2:3)

where D is the particle diameter, and D, and o, refer to geometric mean diameter and
geometric standard deviation, respectively.

Particulate matter undergoes different processes in the atmosphere during their
formation, growth or transformation and removal. Nucleation, condensation, coagu-
lation and removal are important processes in the atmosphere, and ensemble of these
processes is known as particulate dynamics.
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Fig. 2.6 Schematic representation of formation and growth of particulates by nucleation. (Adapted
from Curtius et al. 2006)

* Nucleation is the process by which gas molecules aggregate together to form
stable cluster of new particles. This process depends upon the vapour pressure of
condensable gas species. Nucleation can be homogeneous and heterogeneous.
Homogeneous nucleation occurs when the gaseous molecules nucleate without
the aid of a surface to nucleate upon. For example, when gaseous H,SOy,
molecules collide with other H,SO4 and H,O molecules they may overcome
the nucleation barrier to form thermodynamically stable particles. Homogeneous
nucleation has a large activation energy arising from the Kelvin effect,
i.e. enhancement of the evaporation rate of small clusters because of curvature
(Warren and Seinfeld 1984). In heterogeneous nucleation, gaseous molecules
form a cluster on an existing particle or charged ion. Nucleation can also be
termed as homomolecular (one) or heteromolecular (two or more) depending on
number of species that nucleate. In nucleation, there is increase in number
concentration and mean size of the particle. The binary nucleation of sulphuric
acid and water; ternary nucleation of sulphuric acid, water and ammonia; and
ion-induced nucleation and nucleation involving sulphuric acid and organic acids
are prominent nucleation mechanisms in the atmosphere (Fig. 2.6).

* Condensation is the process where particles grow in size by taking up vapours
from the gas phase. It is the most important mechanism of particle growth in the
atmosphere and is most effective in the size range <0.1 pm. In condensation,
there is no change in particle number concentration, but there is increase in the
mean size of the particle.

* Coagulation is the process when two aerosol particles collide with each other in
the air and stick together. It is usually caused by the particle Brownian motion,
shear, gravitation or turbulence. In coagulation, the number concentration
decreases and the mean size of the particulate increases.
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* Deposition—Particulates have a limited lifetime in the atmosphere ranging from
few days to one week. Particles are removed from the atmosphere by dry or wet
deposition. In dry deposition, particles hit and settle onto the surfaces. In wet
deposition, particles are removed from the atmosphere by rain or fog. Dry
deposition is the most important removal pathway for coarse particles, whereas
wet deposition is important removal pathway for fine particles.

2.7  Properties of Particulate Matter

Particulates are highly complex systems with very diverse properties. Impact of PM
on human health and climate depends upon their properties. Physical, chemical and
optical properties of particulates include size, diameter, morphology, hygroscopic
behaviour, mixing state, composition, scattering and absorption coefficients, single
scattering albedo, asymmetry parameter and Angstrom exponent.

2.7.1 Morphology

It is characterised by the mean of fractal dimension. Aggregation can lead to creation
of diverse morphology, while coagulation creates more simple and spherical
particles. Particle morphology helps to determine its other properties as the drag
force and settling velocity of the particle are influenced by its shape.

2.7.2 Hygroscopic Property

It is the ability of particle to absorb moisture from the atmosphere. Size of the
particle can be changed after moisture is taken up by the particle. Hygroscopic nature
primarily depends on the chemical nature of the particle (Sonwani and
Kulshrestha 2019). Change in size of the particulate matter will also change its
light scattering property. Soot particle directly emitted from vehicle exhaust has very
poor hygroscopic property. Particles that can take up water are classed as hygro-
scopic, while those that cannot take up water are classed as hydrophobic. Ratio of the
wet diameter to the dry diameter is known as growth factor, which is important to
determine relative humidity during measurement of wet diameter (Jackson 2009).

2.7.3 Optical Property

It is the interaction of particles with radiation or light, which determines its optical
property. Optical property of particulate matter has major effect on climate change.
By comparing how much an aerosol scatters or absorbs the radiation will determine
whether it has warming effect or cooling effect in the atmosphere. Soot particle
absorbs the radiation causing warming effect. Scattering causes cooling effect and
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limits the visibility in the troposphere. Scattering occurs when a beam of radiation
alters its path into new direction without being absorbed after colliding with particles
present in the atmosphere. Scattering is maximum when particle size matches with
wavelength of radiation. Scattering may occur by reflection, refraction or diffraction.
Aerosol particle in accumulation mode is efficient in scattering because the size
range matches with wavelength of the radiation. The ratio of scattering to extinction,
single scattering albedo, measures total extinction due to scattering. For example,
while looking down at earth from the space cloud appears brighter and ocean appears
darker and this is because cloud has good scattering ability and has high single
scattering albedo and ocean has higher ability to absorb incoming solar radiation,
hence low single scattering albedo (Jackson 2009).

2.8 Conclusion

The chapter provides an overview of particulate matter in atmosphere viz. sources,
emissions and classification according to size, dynamics, properties and
characteristics in atmosphere. Particulate matter increasing concentration level is
of concern for doing more harm than good, from various health hazards to visibility
reduction, and even lowering the amount of reaching sunlight at the surface, and
hence reducing the evaporation as well. Therefore, understanding PM is very
important in order to examine the emissions, source apportionment and climate
implications and to help policymakers for control policies to mitigate their effects
on human health, ecosystems and climate. Further research and technical
advancements are needed to control particulates emitted from anthropogenic
activities.
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Abstract

The problem of particulate pollution is a global concern because it not only leads
to large number of acute and severe diseases but also leads to a major cause of
mortality and morbidity worldwide. The travel of particulate matter (PM) in the
atmosphere is also an emerging issue because it not only pollutes the surrounding
regions but also crosses the country and continent leading to increase in the level
of air pollution in those areas. This systematic chapter reported that meteorologi-
cal parameters (viz. wind speed, wind direction and topography) play a vital role
in travelling and dispersion of PM. There are a number of air dispersion models
and statistical tools that are employed to examine the travel path of air pollutants
from various locations toward the receptor site. This will help to implement and
regulate the policies regarding controlling of air pollutants sources. The brief
overview of atmospheric PM includes classification, sources and characteristics
that are also mentioned in this scientific document. In addition, the current
geographical distribution of PM, s and PM,, studies conducted by various
researches globally is incorporated in this chapter. Apart from the dispersion
models, which are used for assessment of dispersion and long range, transporta-
tion of atmospheric particles mass concentration is also mentioned in the chapter.
This scientific document is very useful and informative for the researchers and
environmentalist in the field of particulate air pollution.
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3.1 Introduction

Particulate matter (PM) is complex mixture of solid and liquid particles suspended in
the atmosphere and is also a key indicator of air pollution (USEPA 2015). These
particles are released from natural and anthropogenic sources and may vary in shape,
size and chemical composition (Tiwari et al. 2020; Pipal et al. 2011). Atmospheric
particulate matter (APM) is emitted from natural source that includes volcanic
eruption, forest fire, sea spray and resuspension of organic matter (such as leaf litter,
mineral dust and other natural phenomena) (Jain et al. 2021). While anthropogenic
or human-made activities are fossil fuel combustion, construction and agricultural
activities, industrial emission, transport, etc., lead to release of PM into the atmo-
sphere. The classification of PM is based on their formation in the environment,
sources, size and their region of deposition in the respiratory tract (Sonwani et al.
2021; Saxena and Sonwani 2019). On the basis of mechanism of formation, PMs are
classified as primary and secondary in which primary PMs are directly emitted into
the atmosphere by the source, while secondary PMs are formed from the precursors
in the atmosphere via different chemical reactions. Moreover, World Health Organi-
zation (WHO) had differentiated PM as coarse (10-2.5 pm), fine (2.5-1 pm) and
ultrafine (<0.1 pm) on the basis of its particle aerodynamic diameter (WHO 2006).
The sources such as crushing or grinding operations, mining, farming and construc-
tional activities add up to the coarse PM level. Sources such as combustion, pollen
plants, residential wood burning, motor vehicles, agriculture burning, forest fires and
some industrial processes are the sources of fine particles, while source of ultrafine
particles includes printer toner, automobile exhaust, ocean spray and hot volcanic
lava. Further, the European Committee for Standardization, the International
Standards Organization (ISO 1995) and the American Conference of Governmental
Industrial Hygienists (ACGIH), 1998 (Vincent and Vincent 1999), have divided PM
into three categories according to the region of their deposition in the human
respiratory tract. Inhalable particulate matter (IPM) (diameter <100 pm) can deposit
anywhere in the respiratory tract and are cleared by cilia within minutes and are
translocated to the gastro-intestinal tract. Thoracic particulate matter (TPM) (diame-
ter <25 pm) may be deposited only in the tracheobronchial region. Respirable
particulate matter (RPM) (diameter <10 pm) can reach the alveolar region, which
does not expel RPM often. In this manner, the destiny of RPM is decided by the
specific respiratory move and physicochemical characteristics of the PM. Respirable
PM tends to increase oxidative stress and may lead to inflammatory adverse effects
on the respiratory system (Yadav et al. 2019).

The modal classification of PM was first proposed by Whitby et al. (1975) in
terms of size distribution and it can exist in three different modes viz. coarse, nuclei
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Fig. 3.1 Schematic diagram showing particulate matter and its physical, chemical and biological
characteristics

and accumulation. Particles in the coarse particle range (d > 2.0 pm) are ordinarily
created by mechanical forms such as grinding, wind or erosion. As a result, they are
moderately huge and thus settle within the air by sediment action except on windy
days, where fall out is balanced by entrainment. Particle in nuclei mode (size
<0.1 pm) comprises basically combustion particles emitted directly into the atmo-
sphere and particle formation in the atmosphere occurs by gas-to-particle conver-
sion. They are ordinarily found close to highways and other sources of combustion,
while particles in the accumulation range with diameter from-< 2.0 and >0.1 pm
typically emerge from condensation of low volatility vapours and from coagulation
of small particles in or more likely, with the bigger particles in the accumulation
range.

PM adversely affects human health, ecosystem, visibility and radiative forcing
(Sonwani and Kulshrestha 2016; Goel et al. 2021). The effect of PM relies on
particle size, their composition and the duration of exposure. Smaller particles are
more harmful than bigger one as they penetrate deeper into respiratory system and
cause severe diseases (Praznikar and Praznikar 2012). The smaller the size the more
carcinogenic it will be. There is persuading and steady prove that short- and long-
term exposures to PM can cause a wide range of adverse health effects (Pope III and
Dockery 2006). PM is not only harmful for human health but it is also harmful for
plants and environment. It inhibits plant growth due to inheritance in photosynthesis
process and also penetrating into the stomata pores leading to disorder in transpira-
tion process (Cohan et al. 2002). Figure 3.1 shows the distinguished characteristics
of PM and their classifications.

3.2 Geographical distribution of PM (PM, s and PM,)

The geographical distribution of PM;, and PM, 5 reported by various researchers
globally and their scientific outcomes are discussed below.
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The estimation of high-resolution PM, 5 over Indo-Gangetic Plain (IGP) by
fusion of satellite data, meteorology and land use variables was done by Mhawish
et al. (2020). The estimate from random forest (RF) showed high PM, 5 levels over
the middle and lower IGP, with the annual mean exceeding 110 pg/m>. Spatiotem-
poral variation in concentration of ambient PM,s over Delhi, India, during
2010-2016 was assessed by Mandal et al. (2020). Spatiotemporal predictors were
modelled, which predicted annual average concentrations ranging from 87 to
138 pg/m’. Chowdhury et al. (2019) tracked ambient PM, 5 build-up in Delhi
NCR during the dry season (October—June) by analysing 15 years (2001-2002 to
2015-2016) of high-resolution (1 km) satellite data that have been bias-corrected
using coincident in situ data. The mean concentration of ambient PM, s remained
>300 pg/m’ for several weeks around the two peak pollution episodes (viz. 1st from
October to early November and 2nd from end of December through early January).
The first peak is attributed to pollution transport from upwind areas affected by open
biomass burning, coupled with stable atmospheric conditions, while the second is
attributed to enhanced local emissions and perhaps secondary aerosol formation
under favourable meteorological conditions.

Zhang et al. examined dynamics of PM, 5 for 33 cities included on the UN list of
megacities published in 2018. It was observed that higher PM, 5 concentration was
experienced by areas with higher population density than those with moderately and
sparsely populated. It was also found that China, South Asia and India were the most
polluted regions, while Europe and Japan were the least ones. Moreover, none of the
33 megacities fell in the WHO’s PM, s attainment class (<10 pg/m3) and
9 megacities fall into the PM, 5 non-attainment class (>35 pg/m3). Delhi was the
most polluted megacity with mean annual PM, 5 concentration of 110 pg/m>, while
New York was least polluted in 2016.

In TItaly, daily concentration of PM;, and PM, 5 between 2013 and 2015 was
estimated by Stafoggia et al. (2019). In this study, a five-stage random forest model
was developed to impute missing satellite AOD data and predict daily PM(, PM, 5
and PM, 5_;( concentrations at fine spatial resolution nationwide. The mean concen-
tration of PM;, and PM, s ranged from 25.5 to 26.7 pg/m’ and 17.4 to 18.3 pg/m’,
respectively, in years 2013-2015. Wang et al. (2019) explored the strength and
direction of nexus between various factors and PM,s in Chinese cities using
geographically weighted regression (GWR) model. The result of the study indicated
that PM, 5 concentration levels were spatially heterogeneous and markedly higher in
cities in eastern China than in cities in the west of the country. GWR results showed
significant spatial heterogeneity in both the direction and strength of the
determinants at the local scale.

In Tehran, Yunesian et al. (2019) estimated daily, seasonal and annual variations
of PM, 5 and PM, concentration in the ambient air for 2 years (January 2016—
December 2017). From the data of ten selected air quality monitoring stations,
annual mean concentrations of PM, s and PM;q varied from 22.6 to 39.5 pg/m3
and from 62.5 to 104.3 pg/m’, respectively, which exceeded WHO Air Quality
Guideline (AQG), US Environmental Protection Agency (USEPA) and Iranian
standard levels during the study period. In a study of 10 years (from 2003 to
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2013) across Switzerland by de Hoogh et al. (2018), it was observed that on average
73% of the total, 71% of the spatial and 75% of the temporal variation (all
cross-validated) globally and on average 89% (total), 95% (spatial) and 88% (tem-
poral) of the variation locally measured PM, 5 concentrations.

Ground-level concentration of PM, 5 was estimated by Jung et al. (2018) using
satellite-based aerosol optical depth (AOD) over Taiwan. The results provided PM, 5
estimations at locations while not surface stations. The estimation disclosed PM, 5
concentration hotspots within the central and southern a part of the western plain
areas, notably in winter and spring. The annual average of PM, 5 concentrations over
Taiwan systematically declined throughout 2005-2015. The study by Yang et al.
(2018) investigated global distribution and evolvement of urbanization and PM, 5
from 1998 to 2015. Under the impact of increased urbanization, PM, 5 was increased
in most Asian countries and some African countries, but decreased PM, s
concentrations in most European and American countries. As a result of rapid
urbanization, rising trend in PM, s concentrations was observed from 1998 to
2015, but the evolution relationship between PM, s and urbanization rate was
complex in different countries and regions. Most countries in East Asia, Southeast
Asia, South Asia and some African countries urbanized rapidly, together with high
risk of PM; 5 pollution, which are often countries with high-speed industrialization.
The study advocated implication of some reasonable or healthy urbanization policies
to tackle PM, s pollution. Beloconi et al. (2018) employed remotely sensed
predictors to estimate yearly averages of both, fine (PM,s) and coarse (PM;g)
surface PM concentrations, at 1 km? spatial resolution over 46 European countries.
The resulting estimates of PM;y and PM, 5 indicated that in 2016, 66.2% of the
European population was breathing air above the WHO air quality guidelines
thresholds. A study carried out by Zhang et al. also employed satellite-derived
aerosol optical depth (AOD) and found that the average PM, 5 concentrations in
Wauhan, Beijing and Shanghai, respectively, reached up to 95.66 pg/m?>, 90.44 pg/m?
and 73.84 pg/m’. The results also showed that the emissions from industrial produc-
tion accounted for 32% of PM, 5 local emissions, proving that evaluating the PM, 5
contribution proportion of different elemental zone from Total PM, 5 Emission
Index was acceptable. In the meantime, roughly 56.16% of local PM, 5 emissions
in Wuhan stemmed from comprehensive zones were due to intensive human activity
and dense urban construction. Spatiotemporal characteristics of PM, 5 and PM at
urban and corresponding background sites in 23 cities in China were observed by Xu
et al. (2017). The mean concentrations of PM, 5 and PM at the contrast sites were
56 4 26 and 91 + 44 pg/m?, respectively, and daily and annual average air quality
standards of the country were frequently exceeded. The concentration of PM, 5 and
PM,, in most cities exceeded levels (average of only 14 + 14 and 26 + 27 pg/m’,
respectively) at the corresponding contrast sites. PM, s and PM,, concentrations
increased two- to threefold in winter at several sites.

The results of the study conducted by Cheng et al. (2016) showed that among
45 global megacities in 2013, Cairo, Delhi, Tianjin, Xi’an and Chengdu were the five
most polluted megacities with an annual average concentration of PM, 5 greater than
89 pg/m3, while the five cleanest megacities were Miami, New York, Madrid,
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Toronto and Philadelphia with the annual averages less than 10 pg/m®. From the
spatial distribution, it was found that the highly polluted megacities are concentrated
in east-central China and the Indo-Gangetic Plain. Polluted megacities of China and
India experienced the most notable seasonal variation of PM, 5 resulted in frequent
heavy pollution episodes in winter. Marked differences in PM, 5 pollution between
developing and developed megacities require more effort on local emissions reduc-
tion and global cooperation to address the PM, 5 pollution of those megacities
mainly in Asia.

Spatiotemporal characteristics and determinants of PM, 5 in the Bohai Rim Urban
Agglomeration (BRUA) were determined by Wang and Fang (2016). Among
241 newly located observation points, the mean PM concentration in the region
was 74 pg/m>. Beloconi et al. (2016) estimated daily mean concentrations of fine
(PM, 5) and coarse (PM;) over the area of London (UK) for 2002-2012. The mass
concentration of PM,o and PM, s ranged from 27.89 pg/m® to 33.35 pg/m’ and from
16.25 pg/m? to 19.72 pg/m?, respectively.

Spatiotemporal distribution and short-term trends of particulate matter (PM, 5 and
PM,) concentration over China from 2006 to 2010 were observed by Yao and Lu
(2014). The concentration of PM;y was found to be high in Xinjiang, Qinghai,
Gansu, Ningxia, Hubei and parts of Inner Mongolia, whereas the distribution of
PM, 5 concentration was found to be consistent with China’s three gradient terrains.
Southeast coastal cities and central regions in South China experienced high PM, 5
and PM,, load, respectively. Results of Mann—Kendall test method showed the
significant changes in reduction of PM2.5 (3-5 pg/m®) and PM10 (10-20 pg/m?)
concentrations of China in the past 5 years in the most provinces.

In the study conducted using a high-resolution emission inventory (EI) by Sahu
et al. (2011) during Commonwealth Games 2010 in Delhi, it was found that among
transport, residential, industries, thermal power plants and commercial cooking
along with windblown, road dust plays a major role for Delhi environment. Total
emissions of PM; and PM, 5 including windblown dust over the study area were
236 Gg year ' and 94 Gg year ', respectively. The contribution of windblown road
dust was found to be as high as 131 Gg year™' for PMj,. In the study over an eastern
Mediterranean city (Beirut, Lebanon), origin and variability of PM,, and PM, 5 mass
concentrations were studied by Saliba et al. (2010) and were found that aged dust
increased by 64% in total PM( and secondary aerosols by 150% in fine PM in Haret
Hreik over Bourj Hammoud. Mean concentration of PM, (between 2003 and 2007)
in Beirut varied from 55.1 to 103.8 pg/m3, while for PM, 5 variation was from 27.6
to 41.0 pg/m>. Strong interaction between land and sea breezes, high circulation
potential in region and local emission were factors that influenced distribution and
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Fig. 3.2 Different interim targets for PM, 5 given by WHO. (Source: Brauer et al. (2016))

nature of particles in Beirut. Figure 3.2 depicts the WHO interim targets for PM, 5
concentration.

3.3 Composition of Atmospheric PM

The chemical composition of PM can be metals, inorganic salts, elemental carbon
(EC), and organic carbon (OC) compounds and surface elements. The largest portion
of PM consists of ammonium salts such as NH;NO; and (NH,4),SO,, and EC/OC
(Yin et al. 2010). Some of these chemical species are released directly from the
source, while others, particularly < PM, s, are produced from a gas-to-particle
conversion through chemical reactions (Engel-Cox et al. 2013). EC is liberated in
the form of soot, while OC consists of hundreds of different individual compounds
(Yin et al. 2010). A third form of carbon is known as inorganic or carbonate carbon
and is often overlooked as it is found in low quantities in PM, 5. It is mostly
associated with calcium and magnesium salts found in mineral dust, which is
found in measurable quantities in PM,;, (Jankowski et al. 2008; Sonwani and
Kulshrestha 2019). Moreover, two chemical forms of organic carbon such as
polycyclic aromatic hydrocarbons (PAHs) and anhydrosugars are commonly
found in the atmosphere (Sonwani et al. 2022). Chow et al. (1993) reported that
fine particles (PM, 5) were found to comprise primarily of nitrate (NO3 ™), sulphate
(SO427) and ammonium (NH,4") ions, which, together with elemental and organic
carbon, was made up of 70-80% of the total PM, s mass. In contrast, these
components were made up as if they were almost 10-20% of the coarse fraction
between 2.5 and 10 pm. The coarse fraction was dominated by aluminium (Al),
silicon (Si), sulphur (S), potassium (K), calcium (Ca) and iron (Fe), which was made
up of 40-50% of its mass.
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3.4 Meaning of Distribution and Transport of PM
in Environment

PM air pollution and meteorology studies showed that how the different size PMs
are delivered, transported and dispersed into the ambient air (Pipal et al. 2011).
Transport, dispersion and deposition are the atmospheric phenomenon that results in
the movement of pollutants in the atmosphere. Transport is movement caused by a
time-averaged wind flow, while long-range transport of air pollutants (LRTAPs)
refers to travel of air pollutants greater than 100 km. Dispersion (distribution of
pollutant into the atmosphere) results from local turbulence, i.e. motions that last less
than the time used to average the transport and maximum in unstable atmosphere
(when super-adiabatic condition prevails) (Watson et al. 1988). The PMs acts as
vehicle for the atmospheric transport of various toxic substances like heavy metals
(Murphy et al. 2007). Due to the critical effect of heavy metal on human health and
representation of vital transport form of heavy metals in the atmosphere, transport of
PM is a significant environmental issue (WHO 2013). Figure 3.3 shows different
factors that influence transportation of PM.
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Fig. 3.3 Different factors influence transportation of PM
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3.5 Cause of Distribution and Transport of PM and Factors
That Affected Its Distribution and Transport

Dimension is a very critical characteristic of PM and has connection to form physical
and chemical properties, transport, transformation and particle evacuation from the
atmosphere (Garcia et al. 2016). As a common principle, the residence time of PM is
inversely proportional to its size, which means smaller the particle size, the longer
residence time in the atmosphere (Bargagli 1998) and smaller particles (such as
PM, 5) can be transported over longer distances than bigger particles. According to a
report by WHO, the residence time of PM in the atmosphere is usually from 1-2 days
to 4-6 days and typical travel distances for primary fine particles are about
2000-3000 km and 500-1000 km for primary coarse particles (WHO 2006). The
transport primarily occurs through episodic events related to biomass burning
plumes, dust storms and quick transport of industrial pollution. Concentrations of
pollutants in ambient air rely on the release of pollutants, which are too impacted by
atmospheric phenomena that play vital role in the processes of transport, transfor-
mation and dispersion of pollutants into the atmosphere (HEI 2018; Saxena et al.
2021). Moreover, these processes are affected by the following atmospheric
conditions.

1. Meteorological conditions (especially wind direction, wind speed and atmo-
spheric stability)
The metrological factor and wind have direct and determinant effect on dispersion
conditions of pollutant. The velocity of wind plays key role in the determination
of mechanical turbulence production, which in turn leads to local dispersion of
pollutants. Strong winds (low pressure) favour appearance of pollutants in its
flowing direction, and moderate wind leads to its dispersion, while stability of
wind (high pressure) leads to the concentration of pollutants near the ground
(Garcia et al. 2018; Sonwani et al. 2021). Prevailing winds help PM to travel long
distances in the atmosphere from the source, which can affect air quality at locally
and long distance away. The long-range travel of PM;, and PM, 5 exceeded
natural border is evident (Abdalmogith and Harrison 2005). The atmospheric
stability decides the local convective processes being characterized by the vertical
temperature gradient that restricts the vertical mixture of pollutants in case of a
thermal inversion. With altitude, the temperature of air tends to reduce in altitude,
but under definite conditions, a thermal inversion (an increase in temperature)
may occur, which results in creation of a layer of hot air that inhibits
contaminated air near the ground from rising and disperse (Garcia et al. 2018).

2. The emission height (e.g. ground-level sources such as road traffic or high-level
sources such as tall chimneys).
The emission height (road traffic and tall chimneys) and vehicular emissions that
are transported beyond about 100 m from a highway are also affected by air
pollutant dispersion.

3. Local and regional geographical features also play an important role in dispersion
of air pollutants, especially PM.
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3.6 Air Dispersion Modelling

Dispersion modelling is one that employs mathematical equations to delineate the
atmosphere, dispersion and chemical and physical forms inside the plume and to
estimate pollutant’s concentrations at different locations (Holmes and Morawska
2006) with the help of emissions, and meteorological and topographical data.
Dispersion modelling types include Gaussian, computation fluid dynamics,
Eulerian, dense gas, Lagrangian, aerosol dynamic, photochemical and box models
(Modi and Hussain 2013). Atmospheric dispersion models are computer
programmes that utilize mathematical algorithms to re-enact how pollutants in the
ambient atmosphere disperse and, in a few cases, how they react in the atmosphere.
These models are used to evaluate the downwind ambient concentration of air
pollutants or toxins released from sources such as vehicular traffic, industrial plants
or accidental chemical releases. These models help to forecast and predict future
concentrations beneath particular scenarios (i.e. changes in emission sources).
Hence, they are the supreme type of model used in making policy related to air
quality. They are most valuable for pollutants that are dispersed over large distances
and that may react in the atmosphere. Dispersion models are vital to governmental
agencies entrusted with protecting and managing the ambient air quality (Table 3.1).

Apart from these, many methods have been developed to investigate the relation-
ship between air quality data and transport over distances of few hundred kilometres.
Three main methods that are commonly used to measure long-range transport of
pollutants are (1) multiple linear regressions, (2) non-linear multiple regressions or
artificial neural networks and (3) back trajectory modelling in combination with
chemical species and/or synoptic weather maps.

Among ample of studies that have employed these methods, few are used
multiple linear regression (Stadlober et al. 2008); (Demuzere et al. 2008), while
non-linear multiple regressions or artificial neural networks were adopted by Pérez
et al. (2000) and Papanastasiou et al. 2007) to observe transport of PM. Back
trajectory modelling in combination with chemical species and/or synoptic weather
maps to identify long-range transport sources of polluted air masses were used by
Viana et al. (2003) and Vardoulakis and Kassomenos (2008). It is noteworthy that if
there is transport of pollutant from one region to another region, then surface
measurements cannot capture the synoptic nature of these events and it is difficult
to identify the source of pollutants. Since satellite measurements are routinely
available on a global basis, the transportation of pollutants can be examined.
Along with these data sets, local wind patterns using wind data can be important
to identify the sources of pollutants (Gupta et al. 2006).

The HYSPLIT (Hybrid Single Particle Lagrangian Integrated Trajectory) model
developed by the National Center for Marine Atmospheric Research (NOAA) is a
specialized model for calculating and analysing the transport and diffusion
trajectories of atmospheric pollutants (Stein et al. 2015; Chai et al. 2017). The
HYSPLIT model is widely used in the field of atmospheric science to analyse the
transport and diffusion of air pollutants (Ashrafi et al. 2014; Rashki et al. 2015;
Saxena et al. 2020). Pipal et al. (2014) identified the source origin using air mass
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Table 3.1 List of atmospheric dispersion model developed/accepted by USEPA

Model

Pollutants

Specification

1. Preferred and recommended models

1.1. Atmospheric
dispersion module
(AERMOD)

1.1.2. CALPUFF

1.1.3. CAL3QHC and
CAL3QHCR

1.1.4. Complex terrain
dispersion model
(CTDMPLUS)

2. Alternative models

2.1. Atmospheric
dispersion modelling
system (ADMS3)

2.2AFTOX
Dense gas dispersion

(DEGADIS)

2.3. HOTMAC and
RAPTAD

2.4. Hybrid road-way
model (HYROAD)

2.5.1SC3

2.6. OBODM

2.7. PANACHE

2.8. PLUVUEI

Gas and
particles

Gas and
particles

Gas and
PM

Gas and
PM

Gas and
particles

Gas and
PM

Gas and
particles

PM

Gas and
particles

Gaussian dispersion
for stable
atmosphere and
vice versa
Non-steady-state
puff dispersion
model

Traffic model

Refined air quality
model

Gaussian plume
model

Gaussian model

HOTMAC is
weather forecaster,
and RAPTAG is
puff model

Puff model

Straight-line
trajectory and
Gaussian model

Dispersion and
deposition
algorithms

3D finite fluid
mechanic models

Usage

Flat or complex terrain and rural
or urban boundary layer (Perry
et al. 2005)

Applied for long-range transport
around complex terrain,
industrial and urban areas
(Yamada et al. 1992 and Wu

et al. 20006)

Delays and queues occur at
signalized interactions (Claggett
2014)

Complex terrain (Perry 1992)

Concentration of pollutants
continuously emitted from
point, line, volume and area
sources (Hanna et al. 1999)
Continuous liquid or gas from
elevated or surface

Dispersion at ground level

Pollutant transport and
dispersion in complex terrain,
coastal region, urban areas and
around buildings

Concentration of PM, CO and
other gaseous pollutants as well
as dispersion of emission from
vehicular traffic (Oladnia et al.
2008)

Pollutant concentration from
sources associated with
industrial complex (Hanna et al.
1999)

Transport and dispersion from
open burning and detonation
operations

Dispersion in simple or complex
terrain

Transport, dispersion, chemical
reaction, optical effects and
surface emission from single
point or area source

(continued)
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Model Pollutants | Specification Usage
2.9. SCIPUFF - Puff dispersion Statistical variance in
model concentration due to wind

2.10 Shoreline
dispersion model
(SDM)

2.11. SLAB

3. Screening models
3.1. AERSCREEN

Gaussian dispersion
model

(Screening version
of AERMOD)

fluctuation.

Ground-level concentration
near shoreline

Ground-level releases, elevated
jet releases

3.2. TSCREEN - Gaussian model Screen emission and dispersion
of toxic air pollutants
3.3. VALLEY - Gaussian dispersion | 24 h or annual concentration up

3.4. COMPLEX1

3.5. Rough terrain
diffusion model
(RTDM3.2)

3.6. VISCREEN

4. Photochemical models

model

Multiple point
source screening
model

Gaussian model

to 50 points and area emission
sources

Terrain

Ground-level concentrations in
rough (or flat) terrain

Specified emissions for specific
transport and dispersion
conditions

4.1. Models-3/CMAQ O; and Chemical transport Transport, transformation and

PM model deposition of precursors and air
pollutants (Bailey et al. 2007)

4.2. Comprehensive air | Gas and Chemical transport PM, inorganic and organic

quality model with PM model PM, s/PM,, (Nopmongcol et al.

extensions (CAMX) 2012)

4.3. Regional O; and Regional-scale Chemistry, transport and

modelling system for PM, 5 model deposition of airborne pollutants

aerosols and deposition
(REMSAD)

(Bailey et al. 2007)

backward trajectory cluster analysis at Agra and Delhi during study period in
different months, which supports the transport of aerosols from the long-range
transportation from Thar Desert and other parts of the world over northern Indian
region (Fig. 3.4a and b).
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Fig. 3.4 (a and b) 7-day air mass backward trajectory clusters analysis at Agra and Delhi during
different months (Pipal et al. 2014)

3.7 Effect of Transport and Dispersion of PM in Atmosphere

Long-range transport at global and intercontinental scales may affect national
control strategies for PM of a nation and also lead to episodic spikes in
concentrations. Studies reported an increase in PM concentration due to long-
range transport. The air quality of western USA is primarily affected by Asian
dust and pollution plume (containing PM), and the effect is easily observed at higher
elevation sites of continental USA (VanCuren and Cahill 2002). Jaffe et al. (2003)
mentioned that remarkable increase in PM, was due to the Asian plume of 2001.
Corbett et al. (2007) reported that in some heavily travelled coastal regions, due to
international shipping operations the annual average contribution of PM, 5 was as
high as 2 pg/m’. Analysis of combined data of surface PM and satellite by (Fischer
et al. 2009) showed notable inter annual variations in the amount of transported
Asian dust and pollution and indicates that variations in transport and dust emissions
could explain ~50 per cent of the interannual variations in PM , 5 concentrations in
the USA. The result of the study from a coordinated comparison of 17 models by
Shindell et al. (2008) suggested that European emissions dominate aerosol transport
to the surface in the Arctic, whereas East Asian emissions dominate in the upper
troposphere. A source apportionment study by Lenschow et al. (2001) in Berlin
concluded that approximately 50% of the urban PM; background is related to long-
range transport and natural particle sources. By applying combined analysis of
backward trajectories and aerosol chemistry for 7 years, Salvador et al. (2008)
found that total suspended particles and PM, concentrations in central Spain were
probably affected remarkably by long-range transport of desert dust from different
desert regions in North Africa, while western and central areas of the Mediterranean
basin seem to significantly influence PM,s and secondary inorganic aerosol
concentrations in this region. South Asian region receives air masses from Europe,
Middle East, Africa and Indian Ocean depending upon the season. These air masses
are responsible for export and import of pollutants depositing in nearby states.
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Trajectory analysis revealed that soil is contributed by the dust storms coming from
Oman through Gulf and Iran, while most of the black carbon (BC) sources are
located in India. A detailed review of trajectories associated with wet deposition
events indicated that air masses coming from Europe and Middle East carry high
concentration of acidic pollutants, which are deposited in Himalayan ranges. Simi-
larly, trajectory analysis revealed that acidic pollutants from continental anthropo-
genic sources are transported to an ecosensitive site in Western Ghats in India and
the outward fluxes of anthropogenic activities of Indo-Gangetic region are
transported towards Bay of Bengal (Kulshrestha and Kumar 2014).

3.8 Conclusion

Atmospheric PM is an air criterion pollutant, which is a complex mixture of
chemical agents in particles ranging from nanometre-sized molecular clusters to
dust particles too large to be aspirated into the lung airways. PM pollution has
become an issue of rising significance due to its conspicuous effects on human health
and on climate change. Thus, it is very important to examine the entire aspects,
especially transportation and geographical distribution of atmospheric PM. The
current information on geographical distribution of PM, 5 and PM is also discussed
in the chapter that will help researchers. The chapter is important scientific docu-
ment, which revealed the origin, formation and characteristics of atmospheric PM. In
addition, the document also reported the various dispersion models given by USEPA
to examine the long-range transportation and geographical distribution of atmo-
spheric PM. Therefore, it will be a comprehensive set of knowledge for researchers,
environmentalist and policymakers for proper development of mitigation policies
and control of air pollution.
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Abstract

The role of particulate pollutants is being increasingly recognized because of their
capacity to impact the air quality, human health, Earth’s radiation balance,
hydrological cycle, atmospheric visibility, and aquatic biogeochemistry. Both
natural and anthropogenic sources contribute to particulate pollution in outdoor
environments. Air pollution is shown to be responsible for more than four million
deaths prematurely per year on a global scale. Aerosol-induced production of
reactive oxygen species (ROS) in situ in the human respiratory system on
inhalation is one of the important mechanisms through which aerosol affects
human health. The capacity of particulate matter (PM) to produce ROS is
relatively more dependent on the chemical composition of PM rather than their
mass concentrations. Here, the relative abundance of redox-active species plays a
very important role. The air quality of indoors, where people spend most of their
time, is also affected by outdoor pollution in addition to indoor sources. The
exchange between outdoor air and indoor air depends on various factors such as
mechanical ventilation, natural ventilation, and infiltration. The present chapter
discusses briefly the abundance and characteristics of airborne particles in indoor
and outdoor environments and their possible impacts.

A. Singh (D<)
Geosciences Division, Physical Research Laboratory, Ahmedabad, Gujarat, India

Department of Environmental Studies, University of Delhi, Delhi, India
e-mail: asingh@es.du.ac.in

N. Rastogi
Geosciences Division, Physical Research Laboratory, Ahmedabad, Gujarat, India

© The Author(s), under exclusive license to Springer Nature Singapore Pte 47
Ltd. 2022

S. Sonwani, A. Shukla (eds.), Airborne Particulate Matter,
https://doi.org/10.1007/978-981-16-5387-2_4


http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-16-5387-2_4&domain=pdf
mailto:asingh@es.du.ac.in
https://doi.org/10.1007/978-981-16-5387-2_4#DOI

48 A. Singh and N. Rastogi

Keywords

Particulate matter - Properties - Sources - Distribution - Impact - Indoor - Outdoor

4.1 Introduction

In the present-day state of rapid urbanization and industrialization, various types of
resources (e.g., energy and water) are needed to sustain our daily life activities.
These activities lead to the production of various types of pollutions. Among the
various types of pollutions, the role of air pollution is being increasingly recognized
recently because of its capacity to impact the air quality, Earth’s radiation balance,
and climate (IPCC 2013). Air pollutants mainly consist of nitrogen oxides, sulfur
oxides, ozone, carbon monoxide, and particulate matter (PM). The PM is a complex
blend of tiny solid particles and liquid droplets suspended in the air. These
suspended particles (also called atmospheric aerosols) have a different composition
and sizes depending upon their source of origin. The suspended particles can have an
irregular shape and variable density so their size is expressed in aerodynamic
diameter (AD) by assuming the shape of the particles as spherical. The AD of a
particle is the diameter of a unit density sphere that settles with the same velocity as
the irregular particle. The AD is a very important property of airborne particles as
their transport and removal from the air are mainly decided by their size. The
deposition of particles within the respiratory system is also governed by their AD
size. The size of the particles also provides info about their emission sources and
formation mechanism. The PM is generally classified into fine and coarse PMs. In
general, the fine mode PM is denoted by PM, 5 (AD < 2.5 pm) and coarse mode PM
by PM, 5_19 (2.5 pm < AD < 10 pm). To understand these size ranges, the relative
sizes of PM, 5 and PM;, compared to human hair and sand grain are displayed in
Fig. 4.1.

Recently, the assessment of indoor air pollutants has drawn greater attention from
scientists working on human health-related studies, as people spend a maximum of
their time at home (Jenkins et al. 1992). However, time used up by people indoors is
a function of various factors such as age, nature of work, seasons, and medical
history of inhabitants. So, healthy indoor air is vital for human health. The quality of
indoor air should be healthier than that of outdoor air due to safeguarding of the
home, but it is an illusion as recent studies showed that the concentrations of the
indoor pollutants are often more than the outdoor pollutants (Chen and Zhao 2011).
The publications related to indoor air pollution problems increased significantly in
the last two decades due to their immense potential to affect human health. Most of
these studies reported that the quality of indoor air is also altered by pollution levels
in outdoor environments. Thus, both indoor and outdoor environments need to be
considered to discuss the problem of air pollution in detail.
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Fig. 4.1 Relative size of particulate matter. (Adapted from https://www.epa.gov/pm-pollution/
particulate-matter-pm-basics)

4.2 Potential Sources: Outdoor and Indoor Airborne Particles

Both natural and anthropogenic sources are responsible for the production of
ambient aerosols. Major natural sources of outdoor PM include wind-blown dust,
sea salts, forest fires, and volcanic eruptions, whereas anthropogenic (man-made)
sources include agriculture waste burning, trash burning, industrial, thermal power
plant, and vehicular emissions. On a regional scale, the anthropogenic sources of
outdoor PM can be significant, but the natural sources are dominant globally
(Charlson et al. 1992). In general, coarse mode airborne particles come from natural
sources as they are produced by physical mechanism, while fine mode particles
come from anthropogenic sources (Singh et al. 2016a). Airborne particles are also
classified as primary and secondary aerosols depending upon their production
mechanisms. Primary aerosols are emitted directly from their sources in particulate
phases such as uplifted dust, sea salt spray, and emission of soot from biomass/
biofuel burning, whereas secondary aerosols including organic and inorganic species
are formed from their precursor gases released into the atmosphere, and subse-
quently converted into particles, e.g., secondary organic aerosol (SOA), nitrates,
and sulfates (Saxena and Sonwani 2019; Saxena et al. 2020, 2021). On the other
hand, pollutants in indoor environments are a mixture of aerosol that have infiltrated
indoors and emitted indoors. The aerosols emitted indoor include the emissions from
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cigarettes, stoves, fireplaces, and wood stoves. The sources of indoor pollution also
include household products, construction materials, and biological agents (e.g.,
microbes and pets). Secondary aerosol also exists in the indoor environments that
are produced through the reaction of gas-to-particle conversion. Some studies
reported that the chemical and morphological characteristics of indoor and outdoor
PMs are different from each other (Sonwani and Kulshrestha 2018; Sonwani et al.
2021a). Chithra and Nagendra (2013) studied the chemical and morphological
characteristics of indoor and outdoor PMs at a naturally ventilated school building
(indoor) and an adjacent roadway (outdoor) in Chennai, India. They reported that
concentrations of the crustal elements (Ca, Al, K, Fe, Na, and Mg) were significantly
higher in the indoor environment as compared to toxic elements (Sr, Ba, Ti, Cr, Cu,
Mo, Mn, Ni, Zn, and V) usually emitted from vehicles. Further, they found the
presence of soot particles in both indoor and outdoor PMs, which were confirmed by
SEM-EDX (scanning electron microscope in combination with energy-dispersive
X-ray spectrometry). It indicates the infiltration of outdoor vehicular emissions into
the indoor environment.

4.3 Measurement Methods of PM Mass

The mass of PM (total suspended PM, PM,y, PM, s, size-segregated PM) can be
measured by both offline and online methods. The traditional offline measurement
involves the collection of aerosols using high-volume air samplers by pulling
ambient air at a certain flow rate through the filter paper. The size of the collected
PM is governed by either geometry of the cyclone of inlet or impactor. The
numerous types of filter paper are available, i.e., fibrous mats, porous sheets, and
membranes. The collection efficiency of a filter depends upon the size of particles.
The mass concentration (in pg m ) of aerosol in the air is estimated by the deposited
aerosol mass on the filter determined by the sample weight (W1 oaded fitter- Wolank filters
pg) divided by the volume of air filtered (m?). The volume of air is estimated by
multiplying the flow rate of high-volume (or low volume) sampler (m® min~") with
integrated sampling time (min). In the online measurements, beta-attenuation moni-
toring (BAM) and tapered element oscillating microbalance (TEOM) are extensively
used to determine the PM mass. The BAM uses beta-ray attenuation from particles to
measure the ambient mass concentration of PM. In TEOM, a hollow glass tube with
a filter on its tip for collecting the particles is used as a microbalance, and its
oscillating frequency is proportional to the mass of the deposited particles on the
filter. So, the change in mass alters the oscillating frequency, which is used to
calculate the particle concentration. In recent times, the low-cost PM sensors are
also popular to monitor the PM concentration in real time. The low-cost PM sensors
utilize the scattering from particles to calculate the number concentration, which is in
turn used for PM estimation. Some dedicated sensors are also installed on the various
satellites to monitor the airborne pollutants from the space. Detailed methodology,
data uncertainties, and comparisons of these measuring techniques are out of the
scope of this chapter.
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4.4  Physical, Chemical, and Optical Characteristics of Airborne
Particles

Quantification of characteristics of airborne particles (physical, optical, and chemi-
cal) is of great importance in assessing any of their effects including climate and
human health. The major components of PM are carbonaceous aerosol, secondary
inorganic constituents, mineral dust, trace metals, particle-bound water, and sea salts
(Seinfeld and Pankow 2003). In addition, biological species such as allergens and
microbial composites can also be a part of the PM. Further, carbonaceous aerosols
are comprised of elemental (EC), organic (OC), and carbonate carbon (CC). On the
other hand, the major water-soluble inorganic ions (WSIIs) are SO427, NO;—, Cl,
NH,*, Na*, Ca?*, K*, and Mg2+. Some of these WSIIs have the sea salts and crustal
dust origin. Mineral dust is mainly composed of clays, calcite, quartz, and iron
oxides. The chemical configuration and size of atmospheric aerosols at any geo-
graphical site depend upon the relative contribution from different sources and
meteorological parameters over that region. Aerosol size distribution is among the
key features to understand their primary sources and secondary formation processes
in the atmosphere. The aerosols of natural origin formed by the physical process are
relatively coarser than those produced from anthropogenic activities. Generally,
carbonaceous aerosols contribute a considerable portion (~30-50%) to the total
aerosol mass, followed by water-soluble inorganic ionic species (WSIIs) over the
urban and rural atmosphere (Andreae et al. 2008; Fuzzi et al. 2006; Guo et al. 2010;
Kanakidou et al. 2005; Rengarajan et al. 2007; Tare et al. 2006; Rastogi et al. 2016,
2020). Recent studies on the oxidative potential of PM suggest that possible aerosol
toxicity mainly depends on chemical composition of PM (Patel and Rastogi 2018).
So, the information on the PM chemical composition is very vital in assessing their
health impacts.

During atmospheric aging, the chemical reactions among aerosols and with
atmospheric trace gases could further lead to changes in their characteristics, and
thus, they lose their original identity and rarely exist as a single entity in the
atmosphere (Sonwani and Kulshrestha 2019). Instead, they are found as a mixture
of different species and their optical properties are governed by the mixing state. In
general, two types of the mixing states are suggested: externally mixed (particles
retain their original identity and can be treated as an individual species) and
internally mixed (all the particles of the same size in given aerosol populations
have uniform composition and do not behave as an individual species). The external
mixing can be considered as a speculative case and may be true only for freshly
emitted aerosols, which have not undergone any chemical and physical
transformations yet. Internal mixing could lead to modification of the optical
properties of original particles. Bond et al. (2006) reported that the absorption of
radiation is enhanced for the given amount of black carbon (BC) as high as by 50%
when it is internally mixed (Bond et al. 2006), and thus, the mixing state can alter the
estimation of radiation budget significantly (Jacobson 2001; Satheesh and
Ramanathan 2000). Atmospheric aerosols are primarily a mixture of both absorbing
and scattering types of species. Warming or cooling of the atmospheric system by
aerosols relies on numerous factors, among which the single scattering albedo (SSA)
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is the most crucial (Satheesh et al. 2010). The SSA is the fraction of scattered
radiation in the total extinction of radiation due to particles. It mainly depends
upon the relative abundances of absorbing EC or BC along with other scattering
types of aerosols (e.g., sulfates and organic carbon). However, some types of
organics can also absorb in nature called brown carbon (Laskin et al. 2015; Satish
et al. 2020; Sonwani et al. 2021b). The SSA ranges from 0 to 1 with unity value for
totally scattering aerosols and less than unity for absorbing aerosols. The SSA is also
a function of wavelength and decreases with an increase in wavelength for anthro-
pogenic emissions (industrial and biomass burning emission), while for desert dust,
SSA increases with an increase in wavelength (Dey et al. 2004).

4.5 Impact of Airborne Particles on the Earth’s Radiation
Balance

Climate drives by solar energy, but not all the solar energy that strikes the top of the
atmosphere finds its way to the surface mainly due to the existence of airborne
particles and clouds in the lower atmosphere. Ultimately, the climate system is
driven by solar radiation.

The role of aerosols in the Earth’s climate system is being increasingly
recognized because of their potential to alter climate forcing by changing the
radiative balance of Earth directly through the extinction of the received solar energy
and indirectly by acting as cloud condensation nuclei (Fig. 4.2; Ramanathan et al.
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Fig. 4.2 Direct and indirect effects of airborne particles on Earth’s radiation balance (https://
slideplayer.com/slide/5003192/, accessed on September 16, 2020)
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2001; IPCC 2013). These direct and indirect effects are quantified by aerosol
radiative forcing. The aerosol radiative forcing represents the energy confinement
by aerosols in the atmosphere. The attenuation of radiation by aerosols affects
photochemistry, such as the production of tropospheric ozone, through alteration
of the atmosphere energy balance. The aerosols also influence crop production by
attenuating the incoming solar radiation. Recently, Ghude et al. (2014) reported that
ozone lowers the yield of India’s crop.

The assessment of aerosol characteristics across numerous sites over the globe
has its significance in understanding climate change in Earth during the post-
industrial period (post-1750) (IPCC 2001). The absorption or scattering of the
solar radiation and magnitudes of atmospheric radiative forcing due to the long-
lived greenhouse gases (GHGs) are well known (IPCC 2007). The total net radiative
forcing of GHGs is positive (+2.83 W m~2) and known with a high confidence level
as shown in Fig. 4.3 (adapted from IPCC 2013). In contrast, some components of
atmospheric aerosols have positive forcing and others have negative forcing with
overall negative forcing. However, a large degree of uncertainty is involved in these
estimations (Fig. 4.3; [PCC 2013). The uncertainty was aroused due to inadequate
information on the abundance of aerosols and their linked properties worldwide
(Pathak et al. 2010). Additionally, due to shorter residence time and numerous
aerosol categories of erratic optical characteristics with non-uniform distribution
around the globe, aerosols exhibit significant regional variations in their radiative
forcing (Kiehl and Briegleb 1993; Chung et al. 2005). Radiative properties of
aerosols strongly depend upon their chemical composition, e.g., BC is the absorbing
type of aerosol while sulfate scattered the radiation. Thus, aerosols play a critical role
in the climate. Further, atmospheric processing changes the physicochemical
characteristics of ambient aerosols, which further complicate their proper
assessment.

4.6 The Role of Airborne Particles in Affecting Air Quality,
Visibility, and the Hydrological Cycle

Airborne particles have a noteworthy effect on air quality, visibility, and atmo-
spheric chemistry (IPCC 2007). Primary and secondary aerosols have been recently
known as a central component contributing to air pollution over urban areas
(Dall’Osto et al. 2009; Guo et al. 2010; Zhang et al. 2010). Several studies reported
that fine particulates have negative impacts on human health (Poschl 2005; Pope
et al. 2020). Ultrafine particles (<100 nm) are more dangerous for humans as being
sufficiently small in size they are capable of pass through the membranes of the
respiratory system (Oberdoster et al. 2005). The high concentration of PM, 5 causes
mortality in children’s below 5 years in age globally at the rate of about 5% due to
cancer of the lung and bronchus, 3% due to cardiopulmonary disease, and 1% from
acute respiratory infections leading to premature deaths of ~0.8 million (Cohen et al.
2005). Furthermore, the reduction in visibility has been observed due to the hygro-
scopic properties of secondary aerosols (Malm et al. 1996). An enhanced concentra-
tion in particulate matter modifies visibility significantly as shown in Fig. 4.4.
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Fig. 4.5 Fog and haze blanket the IGP region. (Adapted from NASA)

However, visibility is also affected by the chemical composition of PM, in addition
to PM mass. The same has been observed in many regions of the world, e.g., the vast
Indo-Gangetic Plain (IGP) in South Asia experiences severe fog, haze, and smog
most of the time during the winter and second half of autumn, resulting in the
reduction in visibility due to the existence of a high level of pollutants (Tare et al.
2006; Badarinath et al. 2007; Nair et al. 2007).

Figure 4.5 shows fog and haze over the IGP region during autumn 2017. The
hygroscopic nature and sub-micron size of secondary organic aerosols (SOAs) make
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them an important component for the cloud activation processes, hydrological cycle,
and indirect climatic effect of aerosols by acting as cloud condensation nuclei
(Haywood and Boucher 2000; Sun and Ariya 2006). The optical properties of clouds
are controlled by CCN (Ramanathan et al. 2001; Schwartz and Harshvardhan
Benkovitz 2002). Anthropogenic aerosols can lead to an enhancement in the CCN
number concentrations (Andreae and Crutzen 1997). A lessening in the cloud droplet
size and precipitation has been observed due to an intensification in the CCN number
concentrations (Rissman et al. 2004). These effects also increase the reflectivity of
the solar radiation ensuing in a higher cloud albedo (known as the first indirect
climatic impact of aerosols). Thus, it is very important to know the composition of
the CCN population and hygroscopicity of aerosols to assess the cloud droplet
formation and precipitation phenomenon (Haywood and Boucher 2000; Rosenfeld
et al. 2007; Wang et al. 2009).

4.7  Global Distribution of Natural and Anthropogenic
Aerosols

When we observe the world through the eyes of satellites from the space, several
high aerosol loading regions are appeared called hot spots. These hot spots are
dominated by both natural and anthropogenic aerosols. On a global scale, natural
aerosols are dominating as mentioned earlier. Figure 4.6 displays these hot spots in
yellow and red colors. Yellow color refers to the coarse mode particles (e.g., dust),
and the red color represents the find mode particles (e.g., smoke). On the other hand,
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Fig. 4.6 Distribution of aerosols on the global scale. (Adopted from NASA, published in
November 2010)



4 Airborne Particles in Indoor and Outdoor Environments 57

¥ Corsica.
N
\ -

-

a"l

= Sicily

— Malta

Fig. 4.7 Satellite picture showing the transport of dust to southern Europe. (Adapted from Muhs
et al. 2010)

areas in gray color indicate there are no data available for these regions. Figure 4.6
shows that anthropogenic aerosol is dominated in the eastern portion of the USA and
most of the parts of Europe. In the eastern USA, it is due to the plumes of industrial
and vehicular emissions from cities like New York. The big urban centers such as
London and Berlin are a big contributor to European pollution. The western part of
the USA is cleaner than that of the eastern part (Fig. 4.6). However, the heavy
loading of soil dust is also experienced in California due to agricultural activities.
Sometimes, forest fire also contributed to the pollution level of the western USA.
The meteorological conditions also play a vital role along with emission sources.
In general, the winter season displays higher primary particulate pollution as com-
pared to the warmer season due to the shallower boundary layer and stagnant
atmospheric conditions (Singh et al. 2016a). However, the enhancement in the
formation of secondary pollutants is often observed in summer due to strong
photochemical reactions (Wang et al. 2016). But pollutants disperse easily due to
strong convection during the summer season. In the Africa continent, the yellow
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color shows the dominance due to the existence of Saharan dust aerosol over the
region and displays a mixture of coarse mode (dust) and fine particles (biomass
burning-derived aerosol) over the central part of Africa (Sayer et al. 2019). Occa-
sionally, the dust aerosols originated from the Sahara Desert also affected the air
quality of Europe through long-range transport (Ansmann et al. 2003). The satellite
captures such events of long-range transport (Fig. 4.7). Figure 4.6 depicts that most
of the southern American regions are engulfed with fine aerosols that mainly come
from biomass burning and urban emission sources (Magi et al. 2012; Zhu et al.
2013). Amazonian forest fire events during dry season also contributed to fine
aerosol loading over the northern part of the southern American continent (Morton
et al. 2013).

Nowadays, Asia emerged as an important hot spot for aerosol loading. The Indo-
Gangetic Plain (IGP) covered northern Pakistan, northern India, and Bangladesh is a
highly polluted region of the world with the highest population density. The
northwestern part of IGP experienced large-scale crop residue burning emissions
during the post-monsoon that transported to the Bay of Bengal and the Arabian Sea
through the IGP and thus affects regional air quality and marine atmospheric
chemistry (Sarin et al. 2010; Kaskaoutis et al. 2014; Rastogi et al. 2020). During
the pre-monsoon, the aerosols over the IGP are the complex blends of dust blowing
from the Thar Desert and pollutants from the densely populated plains. The mixing
of dust with aerosols of an anthropogenic origin of IGP can change their optical
properties and made dust more absorbing (Gautam et al. 2011).

With the onset of a dust storm (DS) in the region, the PM mass concentration was
enhanced by many times as observed in the dust storm of March 20, 2012 (Fig. 4.8).
High aerosol loading during the DS also reduced the surface reaching net radiation
flux (short wave) by 20% as compared to clean days and the heating rate of lower
atmosphere reached as high as +2.2 K per day (Singh et al. 2016b). Thus, dust storms
affect air quality along with the climate. The other regions of Asia, eastern China,
also produce heavy pollution. China got success in declining SO, emissions during
recent years (Lu et al. 2011; Li et al. 2017). However, NO, emissions still displayed
an increasing trend during 2005-2015 over China (Liu et al. 2017).

4.8 Global Distribution of Outdoor Pollutants

The recent trends in PM, 5 mass have been discussed in this section as it is the most
important fraction for studying the impact of airborne particles on human health.
There are more than four million deaths prematurely per year on a global scale due to
air pollution in outdoor environments (Cohen et al. 2017).

Figure 4.9 displays the average concentration of PM, s across the globe
(Shaddick et al. 2020). It represents the average concentration of the year 2016
and is estimated by the data integration model for the air quality of WHO. Higher
concentrations were observed generally in low- and middle-income countries
located in the tropical/subtropical regions. Figure 4.9 shows the higher
concentrations over the middle east region, south and east Asia, and sub-Saharan
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Fig. 4.8 Impact of a dust storm on the mass concentration of PM,o. (Adapted from Singh et al.
2016b)
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Fig. 4.9 Global distribution of PM, 5 (in pg m ). (Adapted from Shaddick et al. 2020)
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Fig.4.10 Change in the mass concentration of PM, s in 2016 as compared to 2010. (Adapted from
Shaddick et al. 2020)

regions of Africa. The increase in PM, 5 concentrations over sub-Saharan regions of
Africa is due to enhancement in the contribution of fine dust aerosol due to climate
change (Stanelle et al. 2014). In recent decades, emission control strategies for
aerosol and its precursors have been adopted worldwide as aerosols have many
negative effects on human health and the environment. This type of legislation leads
to a gradual decrease in aerosol loading over various parts of the world, which is also
reflected in the study made by Shaddick et al. (2020). They reported the change in
PM, 5 concentrations of 2016 relative to 2010 (Fig. 4.10). Despite decreasing PM, 5
concentrations in 2016 as compared to 2010 over many parts of the world, around
50% of the world population were exposed to enhanced mass concentrations
between 2010 and 2016. It is because regions having high population density
showed an increasing trend in PM concentration. There is a reduction in PM, 5
mass over the USA, North America, Europe, and some parts of East Asia between
2010 and 2016. However, there is an increasing trend in sub-Saharan regions of
Africa, some parts of Southeast Asia, and the IGP region of South Asia. The
reduction in PM mass over the USA, North America, Europe, and some parts of
East Asia is attributed to the effective implementation of air pollution regulations by
these countries.

The highest positive change in the PM mass is observed over the IGP (Fig. 4.10).
It is one of the most polluted areas of the world due to numerous sources such as
vehicular emissions, industrial emissions, power plant emissions, agricultural waste
(biomass) burning, and biofuel burning. This region has the highest population
density in the world. So, a relatively large number of people are affected by the
same air pollution increase in this region as compared to other regions. The north-
western part of the IGP experienced intense biomass burning emissions during
October—November of every year. The intense biomass burning activities over this
region are reflected in fire counts captured by NASA’s satellite at the end of October
(Fig. 4.11). During the biomass burning period, PM, 5 mass concentration reached
up to ~400 pg m~> (8 h average) (Rastogi et al. 2014) and biomass burning
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Fig. 4.11 NASA'’s satellite shows fire counts over northwestern IGP. (Adapted from Singh and
Rastogi 2019)

emissions in this area contribute around 20% to the total global emission budget of
carbonaceous aerosol (Rajput et al. 2014). The biomass burning affects the air
quality of this region significantly. Singh et al. (2015) found that the annual PM, 5
mass concentration over northwestern IGP is higher than that of the Indian National
Ambient Air Quality Standards (INAAQs). The airborne particles also impact
human health by producing reactive oxygen species (ROS) in the human respiratory
system. Production of ROS causes oxidative stress due to an imbalance between
oxidants and antioxidants in the body and leads to several cardiopulmonary diseases
(Amatullah et al. 2012). Recently, Patel and Rastogi (2018) examined the oxidative
potential (OP) of PM from the site of northwestern IGP during winter. They found
that the mass normalized OP of this region is several times higher than that of
reported from the various locations of Europe. They further found that the biomass
burning-derived aerosol has more potential to enhance OP as compared to that
emitted from fossil fuel combustion.

In addition to biomass burning emissions during a specific period, industrial and
vehicular emissions from the big urban centers such as Delhi, India, of IGP contrib-
ute to air pollution throughout the year. The population-weighted PM, 5 in 2015 for
India was 74 pg m > and the life expectancy of Indians decrease by 1.5 years
because of air pollution (Cohen et al. 2017; Apte et al. 2018). Delhi is the world’s
topmost polluted megacity as per the earlier report of WHO (WHO 2018). Recently,
Gani et al. (2019) reported that the average concentration of PM, 5 over Delhi
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exceeds the daily average PM, 5 INAAQs on more than 80% of the days of a year
and 24 h of PM, 5 WHO standards on all the days. Further, they highlighted the daily
average concentration of PM, 5 during winter remained above the INAAQs and
WHO standard during almost all days. They showed that there is no clean air episode
in Delhi during winter, in contrast to some other polluted megacities (e.g., Beijing),
which also experienced clean air episodes along with polluted ones (Sun et al. 2013).

49 Air Pollutants in Indoor Environments

One of the most significant environmental risks faced by the people of the present era
is the exposure of increased PM. The exposure to PM, 5 lowers life expectancy
worldwide as per the assessments of Global Burden of Disease (Forouzanfar et al.
2015). A maximum of PM exposure occurs indoor as most of the people spend a
maximum of their time at home (Jenkins et al. 1992). About 3.8 million people die
per year due to dirty air of indoor environments as per the WHO report. Pollutants in
indoor environments are a mixture of aerosols that have infiltrated indoors and
emitted indoors. Secondary aerosols also exist in the indoor environments that are
produced through the reaction of gas-to-particle conversion. The indoor
environments are generally dominated by the particles produced in activities such
as cooking or indoor combustion, secondary aerosol formation, and dust resuspen-
sion (Wallace 1996; Waring and Siegel 2007; Waring 2014).
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Fig. 4.12 Various pathways of infiltration of the outdoor pollutants to indoors. (Adapted from
Leung 2015)
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The exchange of air between outdoor and indoor alters the air quality of the
indoors significantly. Figure 4.12 describes the outdoor pollutants mainly enter the
indoor through mechanical and natural ventilation along with the infiltration process.
The mechanical ventilation is responsible for the entry of the outdoor air into the
indoor environments through fresh air intakes of ventilation fan and air conditioner
system of the building. The outdoor air also flows into the indoors through the
windows and doors of the house whenever they are opened (natural ventilation). The
exchange of air between outdoor and indoor also occurs through the cracks and leaks
in the building even when there is no mechanical and natural ventilation. This
process is called infiltration and mostly occurs in the case of old buildings. Thus,
the outdoor air enters the indoor through these ventilation processes and either dilute
or add more particles to indoor air as per the ventilation condition. The natural
ventilation system is used in enhancing sustainability in buildings by improving their
energy efficiency and indoor air quality. It is one of the main objectives of the
passive design of buildings. However, a hot and humid climate is one of the
challenges in achieving energy efficiency and good indoor air quality. Another
challenge for indoor air quality control is that of poor outdoor air quality. Although
there are still some issues to achieve sustainable buildings, the focus on constructing
the high-performance building will benefit us to achieve the goal in this direction
(Persily and Emmerich 2012).

The ratio of indoor to outdoor (I/O) concentration is one of the widely used
parameters in the literature to study the exchange between indoor and outdoor
particles (Pekey et al. 2010). The I/O is defined as follows:

I/O ratio _ Cin (4.1)
C()llt
where Cj, and C,, are the particle concentrations in the indoor and outdoor
environments, respectively.

The estimation of the I/O ratio is a simple method. In this method, two-particle
monitor/sampler is installed in the indoor and outdoor environments, and the output
of that two monitors is used to assess the I/O. In general, the high I/O ratio is
observed for well-ventilated environments and is low recorded in the case of a closed
window (Cyrys et al. 2004). The I/O ratio larger than unity is reported by Diapouli
et al. (2008) related to indoor activities. They found I/O ratio > 1 for the PM;( and
PM, 5 classes and offices, and smaller than unity for a library. Similar results for
indoors were found by Pagel et al. (2016). They reported the high I/O ratios > 2 for
total suspended particulates, PM;, and PM, 5 in a research station at the Antarctic.
In literature, the highest recorded I/O ratio is 30.40, which was observed during
cleaning hours in an air-conditioned classroom in the presence of precipitation (Guo
et al. 2008). The high I/O ratio > 3 is found due to indoor smoking and combustion
sources, whereas low I/O ratio is observed when fewer indoor sources and building
have good seals (Chen and Zhao 2011). The I/O ratio is also affected by the
meteorological conditions. Figure 4.13 shows the I/O ratio of PM, 5 reported from
the various parts of the world (Chen and Zhao 2011 and references therein). All these
studies suggested that the high I/O ratio is mainly related to indoor smoking.
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The infiltration factor (IF) is another parameter used in establishing the relation-
ship between outdoor and indoor particles (Meng et al. 2009). It characterizes the

portion of outdoor particles that penetrates indoors and remains suspended. It does

The

not consider the mixing of outdoor particles with indoor particles.
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literature-based IF varied from 0.3 to 0.8 for PM, 5 and 0.2 to 0.5 for PM;,
(Fig. 4.14; Dockery and Spengler 1981. Letz et al. 1984; Ozkaynak et al. 1996;
Allen et al. 2003; Wallace et al. 2003; Reff et al. 2005; Wallace and William 2005;
Meng et al. 2007, 2009; Hoek et al. 2008). These studies suggested that the IFs of
PM, 5 are higher than that of PM;, as coarse mode particles settled easily. As IF
counts the fraction of outdoor particles entering the indoor without consideration of
indoor sources, therefore, infiltration is pretty suitable for assessing the portion of the
total indoor particles coming from outdoor environments.

To study the penetration of particles into indoor, the most appropriate parameter
is the penetration factor (PF). It represents the portion of particles in the infiltration
air that passes through the building shell. The PF is estimated in both real buildings
and laboratories. Earlier studies showed that the penetration factor for real buildings
varies from 0.6 to 1.0 for particles with diameters higher than ~0.05 pm and less than
2 pm. The penetration factor decreases as the diameter of particles increases because
of the stronger gravitational setting of coarse mode particles (Chen and Zhao 2011
and references therein). Williams et al. (2003) found the penetration factor for PM, 5
as 0.72, whereas it varied between 0.69 and 0.86 for PM, (Tung et al. 1999). The
outdoor particles are also carried by humans to the indoor environments in addition
to the method discussed above. However, the fraction of outdoor particles flow to
indoors in this way is unclear.

4.10 Impact of Outdoor and Indoor Air Pollution on Human
Health

The high levels of outdoor PM have adverse health effects, e.g., increased risk of
cardiovascular and pulmonary diseases. It is further found that fine PM (i.e., PM; s)
is more significantly correlated with both mortality and morbidity due to their ability
to penetrate deeply into the lungs (Pope et al. 2009; Goel et al. 2021). There are
many premature deaths per year in the world due to air pollution. Cohen et al. (2017)
estimated that there are more than four million deaths prematurely per year on a
global scale due to air pollution in outdoor environments. The production of reactive
oxygen species (ROS) in situ in the human respiratory system on inhalation is one of
the most accepted mechanisms related to how aerosol affects human health (Pope
et al. 2009). The imbalance between oxidants and antioxidants in the human body
due to the production of ROS leads to several cardiopulmonary diseases (Amatullah
et al. 2012). The capacity of aerosol to generate ROS and/or deplete antioxidants is
called as their oxidative potential (OP). Although ROS production often displayed a
good correlation with PM mass in literature, it is more complex than mass alone and
may depend more on the physicochemical characteristics of PM (Akhtar et al. 2014;
Charrier et al. 2015). A recent study by Patel and Rastogi (2018) over the northwest-
ern IGP investigated the link between the chemical composition of outdoor PM and
their OP (measured through dithiothreitol (DTT) assay). They reported that carbo-
naceous aerosols showed a positive correlation with OP where secondary inorganic
aerosols displayed a negative correlation with OP. Further, they found that
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carbonaceous aerosols emitted from biomass burning are found to be likely more
DTT active than that derived from fossil fuel burning. Another study by Puthussery
et al. (2020) found that the volume normalized OP over Delhi is found to be about
five times higher than that observed in Illinois, USA. It is interesting to note that the
average outdoor PM; concentration over Delhi was 13 times higher than the average
outdoor PM, 5 concentration over Illinois. But OP of outdoor PM over Delhi was
only five times higher as compared to Illinois. It highlights the significance of
measuring the PM chemical composition along with its mass concentrations for
assessing the overall health impacts linked with aerosol exposure. The concentration
of indoor PM can exceed health thresholds and cause life risks. Indoor PM produces
a sense of discomfort that results in various cardiovascular and respiratory lung
diseases and finally increases the morbidity and mortality (Goyal and Kumar 2013).
The indoor air quality is mostly affected by outdoor pollution in addition to indoor
sources as mentioned earlier. About 3.8 million people die per year due to dirty air of
indoor environments as per the WHO report. Roy et al. (2016) studied the health risk
associated with exposure to PM-bound metals in the indoors of the urban and rural
sites of Pune City, India. The most likely sources of these metals include combustion
of fossil fuels, coal, waste dumping, resuspension of household dust, candle burning,
paint, and outdoor impacts. They found the high concentration of Fe among the
metals in both fine and coarse mode PMs at both the locations that play a crucial role
in the oxidant-generating activity. Further, they observed that fine mode PM is more
oxidative in nature as compared to coarse PM and both fractions are responsible for
the breakage of the DNA strand.

4.11 Summary

Air pollution is one of the biggest problems of modern society as it has various
negative impacts on human health and has the potential to perturb the climate and
agricultural production. Thus, it not only affects the people who lived in big urban
centers but also impacts us all through climate change. There are more than four
million deaths prematurely per year due to outdoor air pollution globally and outdoor
air pollution also affects the indoor air quality, which is further responsible for 3.8
million deaths per year. The production of reactive oxygen species (ROS) in situ in
the human respiratory system on inhalation is one of the important mechanisms
through which aerosol affects human health. The capacity of particulate matter
(PM) to produce ROS (termed as OP) is relatively more dependent on the chemical
composition of PM rather than their mass concentrations. The global distribution of
fine particulates indicates that high concentration is mainly observed over the middle
east region, south and east Asia, and sub-Saharan regions of Africa. The reduction in
fine particulates was observed over the USA, North America, Europe, and some
parts of East Asia between 2010 and 2016 due to the implementation of emissions
control strategies in these regions. The biggest reason for enhanced air pollution in
the past few decades is utilizing the energy sources in an uncontrolled way to sustain
our daily life activities. In recent years, most of the countries encourage the adoption
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of renewable energy sources to tackle the air pollution problem, but it is not cost-
effective. Thus, the coordination between the scientific community and
policymakers should be required to address the problem of air pollution.

Acknowledgments We are thankful to the MODIS NASA scientific research team.

References

Akhtar US, Rastogi N, McWhinney RD et al (2014) The combined effects of physicochemical
properties of size-fractionated ambient particulate matter on in vitro toxicity in human A549
lung epithelial cells. Toxicol Rep 1:145-156. https://doi.org/10.1016/j.toxrep.2014.05.002

Allen R, Larson T, Sheppard L et al (2003) Use of real-time light scattering data to estimate the
contribution of infiltrated and indoor-generated particles to indoor air. Environ Sci Technol 37:
3484-3492. https://doi.org/10.1021/es021007e

Amatullah H, North ML, Akhtar US et al (2012) Comparative cardiopulmonary effects of size-
fractionated airborne particulate matter. Inhal Toxicol 24:161-171. https://doi.org/10.3109/
08958378.2011.650235

Andreae MO, Crutzen PJ (1997) Atmospheric aerosols: biogeochemical sources and role in
atmospheric chemistry. Science 276:1052-1058. https://doi.org/10.1126/science.276.5315.
1052

Andreae MO, Schmid O, Yang H et al (2008) Optical properties and chemical composition of the
atmospheric aerosol in urban Guangzhou, China. Atmos Environ 42:6335-6350. https://doi.org/
10.1016/j.atmosenv.2008.01.030

Ansmann A, Bosenberg J, Chaikovsky A et al (2003) Long-range transport of Saharan dust to
northern Europe: the 11-16 October 2001 outbreak observed with EARLINET. J Geophys Res
108. https://doi.org/10.1029/2003JD003757

Apte JS, Brauer M, Cohen AJ et al (2018) Ambient PM, 5 reduces global and regional life
expectancy. Environ Sci Technol Lett 5:546-551. https://doi.org/10.1021/acs.estlett.8b00360

Badarinath KVS, Latha KM, Chand TRK et al (2007) Black carbon aerosols and gaseous pollutants
in an urban area in North India during a fog period. Atmos Res 85:209-216. https://doi.org/10.
1016/j.atmosres.2006.12.007

Bond TC, Habib G, Bergstrom RW (2006) Limitations in the enhancement of visible light
absorption due to mixing state. J] Geophys Res 111. https://doi.org/10.1029/2006JD007315

Brunekreef B, Janssen NAH, de Hartog JJ et al (2005) Personal, Indoor, and Outdoor Exposures to
PM, s and its components for groups of cardiovascular patients in Amsterdam and Helsinki.
Health Effects Institute, Boston, MA

Charlson RJ, Schwartz SE, Hales JM (1992) Climate forcing by anthropogenic aerosols. Science
255:423-430. https://doi.org/10.1126/science.255.5043.423

Charrier JG, Richards-Henderson NK, Bein KJ et al (2015) Oxidant production from source-
oriented particulate matter—Part 1: oxidative potential using the dithiothreitol (DTT) assay.
Atmos Chem Phys 15:2327-2340. https://doi.org/10.5194/acp-15-2327-2015

Chen C, Zhao B (2011) Review of relationship between indoor and outdoor particles: 1/O ratio,
infiltration factor and penetration factor. Atmos Environ 45:275-288. https://doi.org/10.1016/].
atmosenv.2010.09.048

Chithra VS, Nagendra SMS (2013) Chemical and morphological characteristics of indoor and
outdoor particulate matter in an urban environment. Atmos Environ 77:579-587. https://doi.org/
10.1016/j.atmosenv.2013.05.044

Chung CE, Ramanathan V, Kim D et al (2005) Global anthropogenic aerosol direct forcing derived
from satellite and ground-based observations. J Geophys Res 110. https://doi.org/10.1029/
2005JD006356


https://doi.org/10.1016/j.toxrep.2014.05.002
https://doi.org/10.1021/es021007e
https://doi.org/10.3109/08958378.2011.650235
https://doi.org/10.3109/08958378.2011.650235
https://doi.org/10.1126/science.276.5315.1052
https://doi.org/10.1126/science.276.5315.1052
https://doi.org/10.1016/j.atmosenv.2008.01.030
https://doi.org/10.1016/j.atmosenv.2008.01.030
https://doi.org/10.1029/2003JD003757
https://doi.org/10.1021/acs.estlett.8b00360
https://doi.org/10.1016/j.atmosres.2006.12.007
https://doi.org/10.1016/j.atmosres.2006.12.007
https://doi.org/10.1029/2006JD007315
https://doi.org/10.1126/science.255.5043.423
https://doi.org/10.5194/acp-15-2327-2015
https://doi.org/10.1016/j.atmosenv.2010.09.048
https://doi.org/10.1016/j.atmosenv.2010.09.048
https://doi.org/10.1016/j.atmosenv.2013.05.044
https://doi.org/10.1016/j.atmosenv.2013.05.044
https://doi.org/10.1029/2005JD006356
https://doi.org/10.1029/2005JD006356

68 A. Singh and N. Rastogi

Clayton CA, Perritt RL, Pellizzari ED et al (1993) Particle total exposure assessment methodology
(PTEAM) study: distribution of aerosol and elemental concentrations in personal, indoor and
outdoor air samples in a southern California community. J Expo Analysis Environ Epidemiol 3:
227-250

Cohen AJ, Anderson HR, Ostro B et al (2005) The global burden of disease due to outdoor air
pollution. J Toxicol Environ Health A 68:1301-1307. https://doi.org/10.1080/
15287390590936166

Cohen AJ, Brauer M, Burnett R et al (2017) Estimates and 25-year trends of the global burden of
disease attributable to ambient air pollution: an analysis of data from the Global Burden of
Diseases Study 2015. Lancet 389:1907-1918. https://doi.org/10.1016/S0140-6736(17)30505-6

Cyrys J, Pitz M, Bischof W et al (2004) Relationship between indoor and outdoor levels of fine
particle mass, particle number concentrations and black smoke under different ventilation
conditions. J Expo Anal Environ Epidemiol 14:275-283. https://doi.org/10.1038/sj.jea. 7500317

Dall’Osto M, Harrison RM, Coe H et al (2009) Real-time secondary aerosol formation during a fog
event in London. Atmos Chem Phys 9:2459-2469. https://doi.org/10.5194/acp-9-2459-2009

Dey S, Tripathi SN, Singh RP (2004) Influence of dust storms on the aerosol optical properties over
the Indo-Gangetic basin. J Geophys Res 109. https://doi.org/10.1029/2004JD004924

Diapouli E, Chaloulakou A, Mihalopoulos N et al (2008) Indoor and outdoor PM mass and number
concentrations at schools in the Athens area. Environ Monit Assess 136:13-20. https://doi.org/
10.1007/s10661-007-9724-0

Dockery DW, Spengler JD (1981) Indoor-outdoor relationships of respirable sulfates and particles.
Atmos Environ 15:335-343. https://doi.org/10.1016/0004-6981(81)90036-6

Evans GF, Highsmith RV, Sheldon LS et al (2000) The 1999 Fresno particulate matter exposure
studies: comparison of community, outdoor, and residential PM mass measurements. J Air
Waste Manage Assoc 50:1887-1896. https://doi.org/10.1080/10473289.2000.10464224

Forouzanfar MH, Alexander L, Anderson HR et al (2015) Global, regional, and national compara-
tive risk assessment of 79 behavioural, environmental and occupational, and metabolic risks or
clusters of risks in 188 countries, 1990-2013: a systematic analysis for the Global Burden of
Disease Study 2013. Lancet 386:2287-2323. https://doi.org/10.1016/S0140-6736(15)00128-2

Fuzzi S, Andreae MO, Huebert BJ et al (2006) Critical assessment of the current state of scientific
knowledge, terminology, and research needs concerning the role of organic aerosols in the
atmosphere, climate, and global change. Atmos Chem Phys 6:2017-2038. https://doi.org/10.
5194/acp-6-2017-2006

Gani S, Bhandari S, Seraj S et al (2019) Submicron aerosol composition in the world’s most
polluted megacity: the Delhi Aerosol Supersite study. Atmos Chem Phys 19:6843-6859. https://
doi.org/10.5194/acp-19-6843-2019

Gautam R, Hsu NC, Tsay SC et al (2011) Accumulation of aerosols over the Indo-Gangetic plains
and southern slopes of the Himalayas: distribution, properties and radiative effects during the
2009 pre-monsoon season. Atmos Chem Phys 11:12841-12863. https://doi.org/10.5194/acp-
11-12841-2011

Ghude SD, Jena C, Chate DM et al (2014) Reductions in India’s crop yield due to ozone. Geophys
Res Lett 41:5685-5691. https://doi.org/10.1002/2014GL060930

Goel A, Saxena P, Sonwani S, Rathi S, Srivastava A, Bharti AK, Jain S, Singh S, Shukla A,
Srivastava A (2021) Health benefits due to reduction in respirable particulates during COVID-
19 lockdown in India. Aerosol Air Qual Res 21

Gotschi T, Oglesby L, Mathys P et al (2002) Comparison of black smoke and PM, 5 levels in indoor
and outdoor environments of four European cities. Environ Sci Technol 36:1191-1197. https://
doi.org/10.1021/es010079n

Goyal R, Kumar P (2013) Indoor-outdoor concentrations of particulate matter in nine
microenvironments of a mix-use commercial building in megacity, Delhi. Air Qual Atmos
Health 6:747-757. https://doi.org/10.1007/s11869-013-0212-0


https://doi.org/10.1080/15287390590936166
https://doi.org/10.1080/15287390590936166
https://doi.org/10.1016/S0140-6736(17)30505-6
https://doi.org/10.1038/sj.jea.7500317
https://doi.org/10.5194/acp-9-2459-2009
https://doi.org/10.1029/2004JD004924
https://doi.org/10.1007/s10661-007-9724-0
https://doi.org/10.1007/s10661-007-9724-0
https://doi.org/10.1016/0004-6981(81)90036-6
https://doi.org/10.1080/10473289.2000.10464224
https://doi.org/10.1016/S0140-6736(15)00128-2
https://doi.org/10.5194/acp-6-2017-2006
https://doi.org/10.5194/acp-6-2017-2006
https://doi.org/10.5194/acp-19-6843-2019
https://doi.org/10.5194/acp-19-6843-2019
https://doi.org/10.5194/acp-11-12841-2011
https://doi.org/10.5194/acp-11-12841-2011
https://doi.org/10.1002/2014GL060930
https://doi.org/10.1021/es010079n
https://doi.org/10.1021/es010079n
https://doi.org/10.1007/s11869-013-0212-0

4 Airborne Particles in Indoor and Outdoor Environments 69

Guo H, Morawska L, He C et al (2008) Impact of ventilation scenario on air exchange rates and on
indoor particle number concentrations in an air-conditioned classroom. Atmos Environ 42:757—
768. https://doi.org/10.1016/j.atmosenv.2007.09.070

Guo S, Hu M, Wang ZB et al (2010) Size-resolved aerosol water-soluble ionic compositions in the
summer of Beijing: implication of regional secondary formation. Atmos Chem Phys 10:947-
959. https://doi.org/10.5194/acp-10-947-2010

Haywood J, Boucher O (2000) Estimates of the direct and indirect radiative forcing due to
Tropospheric aerosols: a review. Rev Geophys 38:513-543. https://doi.org/10.1029/
1999RG000078

Hoek G, Gerard K, Harrison R et al (2008) Indoor-outdoor relationships of particle number and
mass in four European cities. Atmos Environ 42:156-169. https://doi.org/10.1016/j.atmosenv.
2007.09.026

IPCC (2001) In: Climate Change 2001: The Scientific Basis, Contribution of Working Group I to
the Third Assessment Report of the Intergovernmental Panel on Climate Change [ Houghton
et al., (eds.)], Cambridge University Press, Cambridge, United Kingdom and New York, NY

IPCC (2007) In: Climate Change 2007: The Physical Science Basis, Contribution of Working
Group I to the Fourth Assessment Report of the Intergovernmental Panel on Climate Change
[Solomon et al., (eds.)], Cambridge University Press, Cambridge, United Kingdom and
New York, NY

IPCC (2013) In: Climate Change 2013: The Physical Science Basis. Contribution of Working
Group I to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change.
Cambridge University Press, Cambridge, United Kingdom and New York, NY

Jacobson MZ (2001) Strong radiative heating due to the mixing state of black carbon in atmospheric
aerosols. Nature 409:695-697. https://doi.org/10.1038/35055518

Janssen NAH, de Hartog JJ, Hoek G et al (2000) Personal exposure to fine particulate matter in
elderly subjects: relation between personal, indoor and outdoor concentrations. J Air Waste
Manage Assoc 50:1133-1143. https://doi.org/10.1080/10473289.2000.10464159

Jenkins PL, Phillips TJ, Mulberg JM et al (1992) Activity patterns of Californians: use of and
proximity to indoor pollutants sources. Atmos Environ 26A:2141-2148. https://doi.org/10.
1016/0960-1686(92)90402-7

Kanakidou M, Seinfeld JH, Pandis SN et al (2005) Organic aerosol and global climate modelling: a
review. Atmos Chem Phys 5:1053-1123. https://doi.org/10.5194/acp-5-1053-2005

Kaskaoutis DG, Kumar S, Sharma D et al (2014) Effects of crop residue burning on aerosol
properties, plume characteristics, and long-range transport over northern India. J] Geophys Res
119:5424-5444. https://doi.org/10.1002/2013JD021357

Kiehl JT, Briegleb BP (1993) The radiative roles of sulphate aerosols and greenhouse gases in
climate forcing. Science 260:311-314

Kinney PL, Chillrud SN, Ramstrom S et al (2002) Exposure to multiple air toxics in New York City.
Environ Health Perspect 110:539-546. https://doi.org/10.1289/ehp.02110s4539

Laskin A, Laskin J, Nizkorodov SA (2015) Chemistry of atmospheric brown carbon. Chem Rev
115:4335-4382. https://doi.org/10.1021/cr5006167

Letz R, Ryan PB, Spengler JD (1984) Estimated distributions of personal exposure to respirable
particles. Environ Monitor Assessm 4:351-359. https://doi.org/10.1007/BF00394173

Leung DYC (2015) Outdoor-indoor air pollution in urban environment: challenges and opportunity.
Front Environ Sci 2. https://doi.org/10.3389/fenvs.2014.00069

Li C, McLinden C, Fioletov V et al (2017) India is overtaking china as the world’s largest emitter of
anthropogenic sulfur dioxide. Sci Rep 7. https://doi.org/10.1038/s41598-017-14639-8

Liu LJS, Box M, Kalman D et al (2003) Exposure assessment of particulate matter for susceptible
populations in Seattle. Environ Health Perspect 111:909-918. https://doi.org/10.1289/ehp.6011

Liu F, Beirle S, Zhang Q et al (2017) NOx emission trends over Chinese cities estimated from OMI
observations during 2005 to 2015. Atmos Chem Phys 17:9261-9275. https://doi.org/10.5194/
acp-17-9261-201


https://doi.org/10.1016/j.atmosenv.2007.09.070
https://doi.org/10.5194/acp-10-947-2010
https://doi.org/10.1029/1999RG000078
https://doi.org/10.1029/1999RG000078
https://doi.org/10.1016/j.atmosenv.2007.09.026
https://doi.org/10.1016/j.atmosenv.2007.09.026
https://doi.org/10.1038/35055518
https://doi.org/10.1080/10473289.2000.10464159
https://doi.org/10.1016/0960-1686(92)90402-7
https://doi.org/10.1016/0960-1686(92)90402-7
https://doi.org/10.5194/acp-5-1053-2005
https://doi.org/10.1002/2013JD021357
https://doi.org/10.1289/ehp.02110s4539
https://doi.org/10.1021/cr5006167
https://doi.org/10.1007/BF00394173
https://doi.org/10.3389/fenvs.2014.00069
https://doi.org/10.1038/s41598-017-14639-8
https://doi.org/10.1289/ehp.6011
https://doi.org/10.5194/acp-17-9261-201
https://doi.org/10.5194/acp-17-9261-201

70 A. Singh and N. Rastogi

Lu Z, Zhang Q, Streets DG (2011) Sulfur dioxide and primary carbonaceous aerosol emissions in
China and India, 1996-2010. Atmos Chem Phys 11:9839-9864. https://doi.org/10.5194/acp-
11-9839-2011

Magi BI, Rabin S, Shevliakova E et al (2012) Separating agricultural and non-agricultural fire
seasonality at regional scales. Biogeosciences 9:3003-3012. https://doi.org/10.5194/bg-9-
3003-2012

Malm WC, Molenar JV, Eldred RA et al (1996) Examining the relationship among atmospheric
aerosols and light scattering and extinction in the Grand Canyon area. J Geophys Res 101:
19251-19265. https://doi.org/10.1029/96JD00552

Meng QY, Turpin BJ, Korn L et al (2005) Influence of ambient (outdoor) sources on residential
indoor and personal PM2.5 concentrations: analyses of RIOPA data. J Exp Anal Environ
Epidemiol 15:17-28. https://doi.org/10.1038/sj.jea.7500378

Meng QY, Turpin BJ, Lee JH et al (2007) How does infiltration behavior modify the composition of
ambient PM, 5 in indoor spaces? An analysis of RIOPA data. Environ Sci Technol 41:7315-
7321. https://doi.org/10.1021/es070037k

Meng QY, Spector D, Colome S et al (2009) Determinants of indoor and personal exposure to
PM2.5 of indoor and outdoor origin during the RIOPA study. Atmos Environ 43:5750-5758.
https://doi.org/10.1016/j.atmosenv.2009.07.066

Morton DC, Le Page Y, DeFries R et al (2013) Understorey Fire Frequency and the Fate of Burned
Forests in Southern Amazonia. Philos Trans R Soc Lond Ser B Biol Sci 368. https://doi.org/10.
1098/rstb.2012.0163

Muhs DR, Budahn J, Avila A et al (2010) The role of African dust in the formation of Quaternary
soils on Mallorca, Spain and implications for the genesis of Red Mediterranean soils. Quat Sci
Rev 29:2518-2543. https://doi.org/10.1016/j.quascirev.2010.04.013

Nair VS, Moorthy KK, Alappattu DP et al (2007) Wintertime aerosol characteristics over the Indo-
Gangetic Plain (IGP): impacts of local boundary layer processes and long-range transport. J
Geophys Res 112. https://doi.org/10.1029/2006JD008099

Oberdoster G, Oberdoster E, Oberdoster J (2005) Nanotoxicology: an emerging discipline evolving
from studies of ultrafine particles. Environ Health Perspect 113:823-839. https://doi.org/10.
1289/ehp.7339

Ozkaynak H, Xue J, Spengler J et al (1996) Personal exposure to airborne particles and metals:
results from the particle TEAM study in Riverside, California. J Expo Analysis Environ
Epidemiol 6:57-78

Pagel EC, Reis NC, Alvarez CE et al (2016) Characterization of the indoor particles and their
sources in an Antarctic research station. Environ Monit Assess 188. https://doi.org/10.1007/
$10661-016-5172-z

Patel A, Rastogi N (2018) Oxidative potential of ambient fine aerosol over a semi-urban site in the
Indo-Gangetic Plain. Atmos Environ 175:127-134. https://doi.org/10.1016/j.atmosenv.2017.
12.004

Pathak B, Kalita K, Bhuyan K et al (2010) Aerosol temporal characteristics and its impact on short
wave radiative forcing at a location in the northeast of India. J Geophys Res 115. https://doi.org/
10.1029/2009JD013462

Pekey B, Bozkurt ZB, Pekey H et al (2010) Indoor/outdoor concentrations and elemental composi-
tion of PM10/PM2.5 in urban/industrial areas of Kocaeli City, Turkey. Indoor Air 20:112-125.
https://doi.org/10.1111/j.1600-0668.2009.00628.x

Pellizzari ED, Clayton CA, Rodes CE et al (1999) Particulate matter and manganese exposures in
Toronto, Canada. Atmos Environ 33:721-734. https://doi.org/10.1016/S1352-2310(98)
00229-5

Pellizzari ED, Clayton CA, Rodes CE et al (2001) Particulate matter and manganese exposures in
Indianapolis, Indiana. J Expo Analysis Environ Epidemiol 11:423-440. https://doi.org/10.1038/
sj.jea. 7500186

Persily AK, Emmerich SJ (2012) Indoor air quality in sustainable, energy efficient buildings.
HVAC&R Research 18:4-20. https://doi.org/10.1080/10789669.2011.592106


https://doi.org/10.5194/acp-11-9839-2011
https://doi.org/10.5194/acp-11-9839-2011
https://doi.org/10.5194/bg-9-3003-2012
https://doi.org/10.5194/bg-9-3003-2012
https://doi.org/10.1029/96JD00552
https://doi.org/10.1038/sj.jea.7500378
https://doi.org/10.1021/es070037k
https://doi.org/10.1016/j.atmosenv.2009.07.066
https://doi.org/10.1098/rstb.2012.0163
https://doi.org/10.1098/rstb.2012.0163
https://doi.org/10.1016/j.quascirev.2010.04.013
https://doi.org/10.1029/2006JD008099
https://doi.org/10.1289/ehp.7339
https://doi.org/10.1289/ehp.7339
https://doi.org/10.1007/s10661-016-5172-z
https://doi.org/10.1007/s10661-016-5172-z
https://doi.org/10.1016/j.atmosenv.2017.12.004
https://doi.org/10.1016/j.atmosenv.2017.12.004
https://doi.org/10.1029/2009JD013462
https://doi.org/10.1029/2009JD013462
https://doi.org/10.1111/j.1600-0668.2009.00628.x
https://doi.org/10.1016/S1352-2310(98)00229-5
https://doi.org/10.1016/S1352-2310(98)00229-5
https://doi.org/10.1038/sj.jea.7500186
https://doi.org/10.1038/sj.jea.7500186
https://doi.org/10.1080/10789669.2011.592106

4 Airborne Particles in Indoor and Outdoor Environments 71

Pope CA, Ezzati M, Dockery DW (2009) Fine-particulate air pollution and life expectancy in the
United States. N Engl J Med 360:376-386. https://doi.org/10.1056/NEJMsa0805646

Pope CA, Coleman N, Pond ZA et al (2020) Fine particulate air pollution and human mortality: 25+
years of cohort studies. Environ Res 183:108924. https://doi.org/10.1016/j.envres.2019.108924

Poschl U (2005) Atmospheric aerosols: composition, transformation, climate and health effects.
Angew Chem Int Ed 44:7520-7540. https://doi.org/10.1002/anie.200501122

Puthussery J, Singh A, Rai P et al (2020) Real-time measurements of PM, 5 oxidative potential
using Dithiothreitol (DTT) assay in Delhi, India. Environ Sci Tech Let. https://doi.org/10.1021/
acs.estlett.0c00342

Rajput P, Sarin MM, Sharma D et al (2014) Characteristics and emission budget of carbonaceous
species from postharvest agricultural-waste burning in source region of the Indo-Gangetic Plain.
Tellus B 66. https://doi.org/10.1039/c4em00307a

Ramachandran G, Adgate JL, Pratt GC et al (2003) Characterizing indoor and outdoor 15 minute
average PM, 5 concentrations in urban neighborhoods. Aerosol Sci Technol 37:33-45. https://
doi.org/10.1080/02786820300889

Ramanathan V, Crutzen PJ, Kiehl JT et al (2001) Aerosols, climate, and the hydrological cycle.
Science 294:2119-2124. https://doi.org/10.1126/science.1064034

Rastogi N, Singh A, Singh D et al (2014) Chemical characterization of PM, 5 at a source region of
biomass burning emissions: evidence for secondary aerosol formation. Environ Pollut 184:563—
569. https://doi.org/10.1016/j.envpol.2013.09.037

Rastogi N, Singh A, Sarin MM et al (2016) Temporal variability of primary and secondary aerosols
over Northern India: impact of biomass burning emissions. Atmos Environ 125:396-403.
https://doi.org/10.1016/j.atmosenv.2015.06.010

Rastogi N, Agnihotri R, Sawlani R et al (2020) Chemical and isotopic and characteristics of PM10
over the Bay of Bengal: effects of continental outflow on a marine environment. Sci Total
Environ 726. https://doi.org/10.1016/j.scitotenv.2020.13843

Reff A, Turpin BJ, Porcja RJ et al (2005) Functional group characterization of indoor, outdoor, and
personal PM: results from RIOPA. Indoor Air 15:53-61. https://doi.org/10.1111/j.1600-0668.
2004.00323.x

Rengarajan R, Sarin MM, Sudheer AK (2007) Carbonaceous and inorganic species in atmospheric
aerosols during wintertime over urban and high-altitude sites in North India. J Geophys Res 112.
https://doi.org/10.1029/2006JD008150

Rissman TA, Nenes A, Seinfeld JH (2004) Chemical amplification (or Dampening) of the Twomey
effect: conditions derived from droplet activation theory. J Atmos Sci 61:919-930. https://doi.
org/10.1175/1520-0469(2004)061 <0919:CAODOT>2.0.CO;2

Rojas-Bracho L, Suh HH, Oyola P et al (2002) Measurements of children’s exposures to particles
and nitrogen dioxide in Santiago. Chile Sci Total Environ 287:249-264. https://doi.org/10.
1016/50048-9697(01)00987-1

Rosenfeld D, Dai J, Yu X et al (2007) Inverse relations between amounts of air pollution and
orographic precipitation. Science 315:1396-1398. https://doi.org/10.1126/science.1137949

Roy R, JanR, Yadav S et al (2016) Study of metals in radical-mediated toxicity of particulate matter
in indoor environments of Pune, India. Air Qual Atmos Health 9:669—680. https://doi.org/10.
1007/s11869-015-0376-x

Santanam S, Spengler JD, Ryan PB (1990) Particulate matter exposures estimated from an indoor-
outdoor source apportionment study. In: Indoor Air 1990: Proceedings of the 5th international
conference on indoor air quality and climate, vol 2. Canada Mortgage and Housing Corp,
Ottawa, ON, pp 583-588

Sarin MM, Kumar A, Srinivas B et al (2010) Anthropogenic sulphate aerosols and large Cl-deficit
in marine atmospheric boundary layer of tropical Bay of Bengal. J] Atmos Chem 66:1-10.
https://doi.org/10.1007/s10874-011-9188-z

Satheesh SK, Ramanathan V (2000) Large differences in tropical aerosol forcing at the top of the
atmosphere and Earth’s surface. Nature 405:60-63. https://doi.org/10.1038/35011039


https://doi.org/10.1056/NEJMsa0805646
https://doi.org/10.1016/j.envres.2019.108924
https://doi.org/10.1002/anie.200501122
https://doi.org/10.1021/acs.estlett.0c00342
https://doi.org/10.1021/acs.estlett.0c00342
https://doi.org/10.1039/c4em00307a
https://doi.org/10.1080/02786820300889
https://doi.org/10.1080/02786820300889
https://doi.org/10.1126/science.1064034
https://doi.org/10.1016/j.envpol.2013.09.037
https://doi.org/10.1016/j.atmosenv.2015.06.010
https://doi.org/10.1016/j.scitotenv.2020.13843
https://doi.org/10.1111/j.1600-0668.2004.00323.x
https://doi.org/10.1111/j.1600-0668.2004.00323.x
https://doi.org/10.1029/2006JD008150
https://doi.org/10.1175/1520-0469(2004)0612.0.CO;2
https://doi.org/10.1175/1520-0469(2004)0612.0.CO;2
https://doi.org/10.1175/1520-0469(2004)0612.0.CO;2
https://doi.org/10.1175/1520-0469(2004)0612.0.CO;2
https://doi.org/10.1016/s0048-9697(01)00987-1
https://doi.org/10.1016/s0048-9697(01)00987-1
https://doi.org/10.1126/science.1137949
https://doi.org/10.1007/s11869-015-0376-x
https://doi.org/10.1007/s11869-015-0376-x
https://doi.org/10.1007/s10874-011-9188-z
https://doi.org/10.1038/35011039

72 A. Singh and N. Rastogi

Satheesh SK, Vinoj V, Moorthy KK (2010) Radiative effects of aerosols at an urban location in
southern India: observations versus model. Atmos Environ 44:5295-5304. https://doi.org/10.
1016/j.atmosenv.2010.07.020

Satish R, Rastogi N, Singh A et al (2020) Change in characteristics of water-soluble and water-
insoluble brown carbon aerosol during a large-scale biomass burning. Environ Sci Pollut Res
27:33339-33350. https://doi.org/10.1007/s11356-020-09388-7

Saxena P, Sonwani S (2019) Criteria air pollutants and their impact on environmental health, vol 1.
Springer, Singapore, p XIV-157

Saxena P, Sonwani S, Sharma SK, Kumar P, Chandra N (2020) Carbonaceous aerosol variations in
foggy days: a critical analysis during the fireworks festival. Fresenius Environ Bull 29(8):6639—
6656

Saxena P, Sonwani S, Srivastava A, Jain M, Srivastava A, Bharti A, Rangra D, Mongia N, Tejan S,
Bhardwaj S (2021) Impact of crop residue burning in Haryana on the air quality of Delhi, India.
Heliyon 7(5):¢06973

Sayer AM, Hsu NC, Lee J et al (2019) Two decades observing smoke above clouds in the south-
eastern Atlantic Ocean: deep blue algorithm updates and validation with ORACLES field
campaign data. Atmos Meas Tech 12:3595-3627. https://doi.org/10.5194/amt-12-3595-2019

Schwartz SE, Harshvardhan Benkovitz CM (2002) Influence of anthropogenic aerosol on cloud
optical depth and albedo shown by satellite measurements and chemical transport modeling.
Proc Nat Acad Sci USA 99:1784-1789. https://doi.org/10.1073/pnas.261712099

Seinfeld JH, Pankow JF (2003) Organic Atmospheric Particulate Material. Annu Rev Phys Chem
54:121-140. https://doi.org/10.1146/annurev.physchem.54.011002.103756

Shaddick G, Thomas ML, Mudu P et al (2020) Half the world’s population are exposed to
increasing air pollution. NPJ Clim Atmos Sci 3. https://doi.org/10.1038/s41612-020-0124-2

Sheldon LS, Hartwell TD, Jones SM (1989) An investigation of infiltration and indoor air quality.
Final Report. NY State ERDA Contract No. 736-CON-BCS-85. New York State Energy
Research and Development Authority, Albany, NY

Singh A, Rastogi N (2019) Quantification of organic carbon from biomass versus non-biomass
burning emissions to fine aerosol. Proc Indian Nat Sci Acad 85:629-636. https://doi.org/10.
16943/ptinsa/2019/49585

Singh A, Rastogi N, Sharma D et al (2015) Inter and intra-annual variability in aerosol
characteristics over northwestern Indo-Gangetic Plain. Aerosol Air Qual Res 15:376-386.
https://doi.org/10.4209/aaqr.2014.04.0080

Singh A, Rastogi N, Patel A et al (2016a) Seasonality in size-segregated ionic composition of
ambient particulate pollutants over the Indo-Gangetic Plain: source apportionment using PMF.
Environ Pollut 219:906-915. https://doi.org/10.1016/j.envpol.2016.09.010

Singh A, Tiwari S, Sharma D et al (2016b) Characterization and radiative impact of dust aerosols
over northwestern part of India: a case study during a severe dust storm. Meteorog Atmos Phys
128:779-792. https://doi.org/10.1007/s00703-016-0445-1

Sonwani S, Kulshrestha U (2018) Morphology, elemental composition and source identification of
airborne particles in Delhi, India. J Indian Geophys Union 22(6):607-620

Sonwani S, Kulshrestha UC (2019) PM 10 carbonaceous aerosols and their real-time wet scaveng-
ing during monsoon and non-monsoon seasons at Delhi, India. ] Atmos Chem 76(3):171-200

Sonwani S, Saxena P, Shukla A (2021a) Carbonaceous aerosol characterization and their relation-
ship with meteorological parameters during summer monsoon and winter monsoon at an
industrial region in Delhi, India. Earth Space Sci 8(4):e2020EA001303

Sonwani S, Yadav A, Saxena P (2021b) Atmospheric brown carbon: a global emerging concern for
climate and environmental health. In: Management of contaminants of emerging concern (CEC)
in environment, vol 1, pp 225-247

Stanelle T, Bey I, Raddatz T et al (2014) Anthropogenically induced changes in twentieth century
mineral dust burden and the associated impact on radiative forcing. J Geophys Res 119:13526—
13546. https://doi.org/10.1002/2014JD022062


https://doi.org/10.1016/j.atmosenv.2010.07.020
https://doi.org/10.1016/j.atmosenv.2010.07.020
https://doi.org/10.1007/s11356-020-09388-7
https://doi.org/10.5194/amt-12-3595-2019
https://doi.org/10.1073/pnas.261712099
https://doi.org/10.1146/annurev.physchem.54.011002.103756
https://doi.org/10.1038/s41612-020-0124-2
https://doi.org/10.16943/ptinsa/2019/49585
https://doi.org/10.16943/ptinsa/2019/49585
https://doi.org/10.4209/aaqr.2014.04.0080
https://doi.org/10.1016/j.envpol.2016.09.010
https://doi.org/10.1007/s00703-016-0445-1
https://doi.org/10.1002/2014JD022062

4 Airborne Particles in Indoor and Outdoor Environments 73

Sun J, Ariya PA (2006) Atmospheric organic and bio-aerosols as cloud condensation nuclei (CCN):
a review. Atmos Environ 40:795-820. https://doi.org/10.1016/j.atmosenv.2005.05.052

Sun YL, Wang ZF, Fu PQ et al (2013) Aerosol composition, sources and processes during
wintertime in Beijing, China. Atmos Chem Phys 13:4577-4592. https://doi.org/10.5194/acp-
13-4577-2013

Tare V, Tripathi SN, Chinnam N et al (2006) Measurements of atmospheric parameters during
Indian Space Research Organization-Geosphere Biosphere Program Land Campaign II at a
typical location in the Ganga Basin: 2. Chemical properties. J Geophys Res 111. https://doi.org/
10.1029/2006JD007279

Tung TCW, Chao CYH, John B (1999) A methodology to investigate the particulate penetration
coefficient through building shell. Atmos Environ 33:881-893. https://doi.org/10.1016/S1352-
2310(98)00299-4

Wallace L (1996) Indoor particles: a review. J Air Waste Manage Assoc 46:98-126. https://doi.org/
10.1080/10473289.1996.10467451

Wallace LA, William R (2005) Use of personal-indoor-outdoor sulfur concentrations to estimate the
infiltration factor and outdoor exposure factor for individual homes and persons. Environ Sci
Technol 39:1707-1714. https://doi.org/10.1021/es049547u

Wallace LA, Mitchell H, O’Connor GT et al (2003) Particle concentrations in inner-city homes of
children with asthma: the effect of smoking, cooking, and outdoor pollution. Environ Health
Perspect 111:1265-1272. https://doi.org/10.1289/ehp.6135

Wang C, Kim D, Ekman AML et al (2009) Impact of anthropogenic aerosols on Indian summer
monsoon. Geophys Res Lett 36. https://doi.org/10.1029/2009GL040114

Wang D, Zhou B, Fu Q et al (2016) Intense secondary aerosol formation due to strong atmospheric
photochemical reactions in summer: observations at a rural site in eastern Yangtze River Delta
of China. Science Total Environ 571:454-1466. https://doi.org/10.1016/j.scitotenv.2016.06.212

Waring M (2014) Secondary organic aerosol in residences: predicting its fraction of fine particle
mass and determinants of formation strength. Indoor Air 24:376-389. https://doi.org/10.1111/
ina.12092

Waring MS, Siegel JA (2007) An evaluation of the indoor air quality in bars before and after a
smoking ban in Austin, Texas. J Expo Sci Environ Epidemiol 17:260-268. https://doi.org/10.
1038/sj.jes. 7500513

Williams R, Suggs J, Rea A et al (2003) The Research Triangle Park particulate matter panel study:
modeling ambient source contribution to personal and residential PM mass concentrations.
Atmos Environ 37:5365-5378

World Health Organization (2018) AAP Air Quality Database. http://www.who.int/phe/health_
topics/outdoorair/databases/cities/en/

Wu CF, Delfino RJ, Floro JN et al (2005) Exposure assessment and modeling of particulate matter
for asthmatic children using personal nephelometers. Atmos Environ 39:3457-3469. https://doi.
org/10.1016/j.atmosenv.2005.01.061

Zhang Q, Zhang J, Xue H (2010) The challenge of improving visibility in Beijing. Atmos Chem
Phys Discuss 10:6199-6218. https://doi.org/10.5194/acp-10-7821-2010

Zhu T, Melamed M, Parrish D et al (2013) WMO/IGAC impacts of mega cities on air pollution and
climate. Rep. 205, GAW Report 205, Geneva, Switzerland


https://doi.org/10.1016/j.atmosenv.2005.05.052
https://doi.org/10.5194/acp-13-4577-2013
https://doi.org/10.5194/acp-13-4577-2013
https://doi.org/10.1029/2006JD007279
https://doi.org/10.1029/2006JD007279
https://doi.org/10.1016/S1352-2310(98)00299-4
https://doi.org/10.1016/S1352-2310(98)00299-4
https://doi.org/10.1080/10473289.1996.10467451
https://doi.org/10.1080/10473289.1996.10467451
https://doi.org/10.1021/es049547u
https://doi.org/10.1289/ehp.6135
https://doi.org/10.1029/2009GL040114
https://doi.org/10.1016/j.scitotenv.2016.06.212
https://doi.org/10.1111/ina.12092
https://doi.org/10.1111/ina.12092
https://doi.org/10.1038/sj.jes.7500513
https://doi.org/10.1038/sj.jes.7500513
http://www.who.int/phe/health_topics/outdoorair/databases/cities/en/
http://www.who.int/phe/health_topics/outdoorair/databases/cities/en/
https://doi.org/10.1016/j.atmosenv.2005.01.061
https://doi.org/10.1016/j.atmosenv.2005.01.061
https://doi.org/10.5194/acp-10-7821-2010

®

Check for
updates

Prashant Rajput, Jai Prakash, and Deepti Sharma

Abstract

Atmospheric aerosols, soon after their emission, may experience changes in its
chemical composition, mass concentration, size, and its optical properties. These
changes are dynamic in nature and occur over a short period of time. Since
aerosols play a critical role in human health effects, cloud microphysics, hydro-
logical cycle and climate perturbations, it is therefore of paramount importance to
understand both qualitatively and quantitatively all the major changes, which an
ambient particle could experience during its residence time in the atmosphere.
High-resolution measurements (i.e. real-time measurements) are being carried out
worldwide to capture any high-frequency changes in aerosol characteristics. In
this study, we discuss the observations based on an open-access high-resolution
data set retrieved from the Central Pollution Control Board (CPCB) for a location
in central capital Delhi. Along with the particulate matter (PM) data, we also
discuss some of the gaseous species owing to the reason that these gases influence
the aerosol behaviour and its budget due to coating and secondary aerosol
formation. The source strengths are highly variable (in both space and time) in
Indo-Gangetic Plain (IGP) mainly due to industrial activities and seasonal influ-
ence of biofuels and biomass burning emission. This chapter presents a case study
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highlighting some of the important observations on temporal variability and
processes from high-resolution atmospheric data set of aerosols and reactive
gases. We also present here a review on the health effects of outdoor and indoor
aerosol pollution.

Keywords

Aerosols - Trace gases - Urban air pollution - Health effects

5.1 Introduction

Air pollution is the presence of any substance in the air at such concentrations, which
are detrimental not only to the human beings, flora and fauna but also to the several
components of the environment (Chakraborty et al. 2017; Choudhary et al. 2018).
Air pollution is one of the major causes for degradation of environment (Yadav and
Rajamani 2004). It occurs either from natural sources like volcanic eruptions, forest
fires, sea spray, wind blown dust and pollen grains or can be as a result of various
anthropogenic (human) activities like agricultural waste burning, vehicular
emissions, power plants, and industrial emissions (Fig. 5.1). Air pollutants usually
exist as tiny solid and liquid (e.g. dust, oil droplets and particulate matter), gases
(e.g. NOy, SO, and O3) and semi-volatile species [e.g. PAHs: polycyclic aromatic
hydrocarbons] (Rajput et al. 2014b). It has been widely realized that air pollution has

Atmospheric Aerosols

Vehicular emissions

Industrial emissions

Seinfeld and Pandis 2006

Volcanic emission Wind blown dust

Fig. 5.1 Various sources (primary emissions and secondary formation) of ambient aerosols (also
known as particulate matter: PM) (Senfield and Pandis 2006; Rajput et al. 2011, 2018a, b)
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emerged not only as a local problem but also as a regional and a global problem
(Izhar et al. 2018). Air pollution is widely being understood as one of the biggest
environmental health risk factors of this century (Dockery et al. 1993; Rajput et al.
2014a; Schwartz 1995). Anthropogenic activities such as rapid industrialization,
unrestricted population growth and increasing urbanization contribute increasingly
to elevated emission rates of various air pollutants—among these, specifically higher
levels of particulate matter (PM;, and PM, ), sulphur dioxide (SO,), nitrogen
oxides (NOy), carbon monoxide (CO) and ozone (O;)—Ileading to not only the
degradation of the environment and climate change but also having a debilitating
effect on human health (Dey et al. 2012; Pant et al. 2016). Simultaneously, over
two-thirds of rural Indians caught in the ‘chulha trap’ use biomass fuels such as
wood, twigs and dung cake to meet their cooking and heating needs, resulting in
smoke-filled homes causing extremely high levels of exposure to the residents. Air
pollution is especially severe in many developing parts of the world, which also
happen to be very fast-growing urban regions contributing higher levels of pollution
and are therefore subject to higher exposure. According to the World Health
Organization’s (WHO) figures, 97% of the cities in the low- and middle-income
countries (LMICs), which have more than 100,000 inhabitants, do not meet WHO
air quality guidelines (WHO 2018a). In the year 2016, ambient air pollution is
estimated to have caused 4.2 million premature deaths worldwide, of which 91%
occurred in LMICs (WHO 2016).

The atmospheric aerosol (aka particulate matter) ranges from 0.001 to 100 pm in
aerodynamic diameter. Having various sources of origin and different chemical
composition, they are an intricate combination of small and big particles (Kumar
et al. 2017). They can mainly be sub-divided into two parts: primary and secondary.
Primary aerosols are those that are directly produced and emitted into the atmosphere
from identifiable sources like vehicles, industries, desert areas, construction
activities, fossil fuel combustions, and road dust. They consist of black carbon
(BCO), crustal elements and organic compounds of high molecular mass released
from combustion sources, etc. (Sorathia et al. 2018). Secondary organic aerosols
(SOA) are those that form when condensation of volatile organic compound (VOC)
oxidation products takes place (Rajput et al. 2013; Seinfeld and Pankow 2003).
Secondary/aged aerosols are either organic or inorganic that affects the physico-
chemical properties of the aerosols (Rajput et al. 2018a, b). Once produced, they
grow to different sizes and can have different composition due to several physical
and chemical modifications like coagulation, polymerization, photolysis, structural
reorganization, and phase alteration and these processes are defined as atmospheric
ageing (Fuzzi et al. 2006). SIAs (secondary inorganic aerosols) are formed from the
chemical reactivity of gases like SO,, and NO, and NO (collectively known as NOx)
leading to the formation of particulate sulphate and nitrate (Rajput et al. 2016). A
recent study (Rajput and Gupta 2020), through causal modelling, has shown that for
every 10-unit change in O3 concentrations the SOA formation increases by ~3.2%
during daytime under prevailing long-range transport of biomass burning emissions
from upwind IGP. Overall, the main composition of an atmospheric aerosols
includes crustal matter (mineral dust); sea salt which includes sulphate, magnesium,
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sodium and chloride; secondary particles like nitrate, sulphate and ammonium; trace
metals like vanadium, chromium and lead; and carbonaceous material which
includes both elemental and organic carbon and liquid water content (Senfield and
Pandis 20006).

Also, depending upon the size of the particles, aerosols are classified into various
categories. TSPs (total suspended particulate matters) are those whose aerodynamic
diameter (d) is <100 pm (aerodynamic diameter of a particle is the diameter of a unit
density sphere) (p = 1 g/cm?) having the same terminal velocity as the particle of
interest (Senfield and Pandis 2006), PM, (coarse mode) whose aerodynamic diam-
eter (d) is <10 pm and PM, s (fine fraction) whose aerodynamic diameter is
<2.5 pm. The fine fraction particles are further classified into nucleation mode
(d < 0.01 pm), Aitken mode (0.01 < d < 0.1 pm) and accumulation mode
(0.1 <d < 1 pm) (Raes et al. 2000). Coarse mode particles are formed from various
mechanical processes like wind-blown dust, sea salt spray, cement dust, milled flour
and pollen, but the fine particles are mainly formed from the various combustion
processes (causing formation of black carbon, smoke, etc.) and condensation pro-
cesses or secondary conversion of gases into the particulates (Rajput et al. 2016).

Aerosols influence the quality of life by affecting health, visibility and the
environment at a very profound level (Posfai and Buseck 2010). Various epidemio-
logical studies show that the mortality and morbidity rate in human beings increases
with increase in the concentration of aerosols, especially correlated with the fine
fraction particles (Geller et al. 2002; Srivastava and Jain 2007; Dockery and
Brunekreef 1996; Peters et al. 2000; Neas et al. 1999; Schwartz 1995; Korrick
et al. 1998). Among those most affected are the women, children, senior citizens,
and the subjects with respiratory illness.

Aerosols play an important role in the climatic system of the Earth and the
biogeochemical cycle of oceans (Mahowald et al. 2005). Aerosols affect directly
the Earth’s atmospheric radiative balance by scattering and absorbing incoming solar
radiations, resulting in warming or cooling of the atmosphere. For instance, black
carbon absorbs solar radiation and makes the global climate warm (Ramanathan and
Carmichael 2008) and organic aerosols (net effect) scatter light, which led to
reduction in incoming solar energy (Rudich 2003). Aerosols affect the climate
indirectly by acting as CCN (cloud condensation nuclei) and IC (ice nuclei),
i.e. act as nuclei for the condensation of water vapour and ice crystal (Novakov
and Penner 1993; Spracklen et al. 2011). Indeed, if there were not any atmospheric
aerosols, clouds would not be formed and would have resulted in no precipitation.
Due to the increase in anthropogenic activities, burden on global mean aerosol
concentration has changed considerably (Rajput et al. 2011). In order to enumerate
these effects in a better way, a very good understanding of the formation, composi-
tion and transformation of aerosols is desired. Dry and wet scavenging processes are
the two main removal pathways of aerosols from the atmosphere. Generally, the
larger particles with d > 1 pm are removed by gravitational settling, but this process
becomes less efficient as the particle size reduces. Particles with d < 1 pm can be
removed efficiently by the wet deposition (Rajeev et al. 2016).
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Asthma

Fig. 5.2 Cause- and gender-specific mortality estimates for Indian region based on Global Burden
of Disease data set (GBD 2015; Rajput et al. 2019)

Worldwide research on exposure assessment of ultrafine and fine particles has
suggested severe human health impacts due to inhalation (Nazarenko et al. 2014;
Singh and Gupta 2016; Asbach et al. 2017; Dandona et al. 2017). A near-continuous
assessment on morbidity and mortality from major diseases, injuries and risk factors
is being carried out through Global Burden of Disease (GBD) research programme
(GBD 2015). GBD estimates (Fig. 5.2) suggest that number of mortalities in India is
rising year by year due to COPD, asthma, TBL cancer and whooping cough, among
others.

Integrating the data set on mortality (Fig. 5.2), it has been inferred that death of
about one million people (including both male and female subjects) in 2013 year (in
India) was caused due to respiratory diseases. Furthermore, decadal monitoring of
GBD data set suggests that premature mortality of males is more pronounced due to
COPD and TBL cancer (among the respiratory diseases), whereas higher deaths of
females were found due to asthma and whooping cough (Fig. 5.2). One of the
plausible reasons suggested for observing higher mortality due to asthma and
whooping cough in females relate to the fact that most of the Indian women are
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housewives and are therefore exposed for prolonged period to indoor air pollution
and fresh emissions from biofuels as compared to the men (Parikh et al. 2001; Padhi
et al. 2017).

5.2  Air Quality Guidelines

The air quality guidelines recommended by different organizations viz. World
Health Organization (WHO), European Union (EU) and Indian region are listed in
Table 5.1.

Air pollution kills an estimated seven million people worldwide every year.
WHO data show that 9 out of 10 people breathe air containing high levels of
pollutants. WHO is working with many countries to monitor air pollution and
improve air quality. From smog hanging over cities to smoke inside the home, air
pollution poses a major threat to health and climate. The combined effects of ambient
(outdoor) and household air pollution cause about seven million premature deaths
every year, largely as a result of increased mortality from stroke, heart disease,
chronic obstructive pulmonary disease, lung cancer and acute respiratory infections.
More than 80% of people living in urban areas are exposed to air quality levels that
exceed WHO guideline limits, with low- and middle-income countries (LMICs)
suffering from the highest exposures, in both indoors and outdoors.

5.3  Methodology

5.3.1 Air Pollution Monitoring in Delhi

Indian region, especially northern part, has experienced daunting challenges due to
air pollution—according to several researchers, it kills every year more than one

million in the country (Chatterjee 2019; Rajput et al. 2019). Many cities in India

Table 5.1 Air quality guidelines from World Health Organization, European Union and NAAQS
(India)

WHO EU Indian
Interim targets(IT) by WHO
24hr | Annual 24 hr | Annual 24 hr | Annual aimed at promoting a gradual
mean | mean mean mean mean mean shift from high to lower
Pollutant concentrations
PM, ¢ 25 10 25 60 40
(ng/m3) IT for PM, 5 (annual)
IT-1 = 35 pg/m?
PM,, 50 20 50 40 100 60 :% fg “Ej:mi
(ng/m’) Sl



https://www.who.int/airpollution/ambient/pollutants/en/
https://www.who.int/airpollution/ambient/health-impacts/en/
https://www.thelancet.com/journals/lanplh/article/PIIS2542-5196(19)30247-5/fulltext
https://www.thelancet.com/journals/lanplh/article/PIIS2542-5196(19)30247-5/fulltext
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Deaths From Air Pollution Worldwide
Age-standardized deaths per 100,000 people attributable to air pollution (2016)°
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Fig. 5.3 A global scenario on air pollution caused mortality data from various countries (https:/
www.statista.com/chart/13575/deaths-from-air-pollution-worldwide/)

have exceeded over 5 times of the PM,s level recommended by the WHO
guidelines. Fine particulates (PM, s), comprising primarily of mineral dust, second-
ary aerosols and combustion products, are ~20 times smaller than a human hair, and
they cause stroke, heart disease, chronic obstructive pulmonary disease, and lung
cancer (WHO 2016, 2018b). In total, 90% of the world’s population breathe harmful
air (https://news.un.org/en/story/2018/05/1008732). A global scenario on air pollu-
tion led mortality from various countries is shown in Fig. 5.3.

India is making some progress in this area. The National Clean Air Programme
aims to reduce air pollution levels by up to 30% by 2024. The country is also
planning what it calls the world’s largest expansion of renewable energy by 2022.

A recent ‘world air quality report’, published by AirVisual (2018), has reported a
list of 20 most polluted cities in South Asia, and 16 of these are cities in India
(Fig. 5.4). Delhi is the capital of India, and it is one of the most polluted cities in the
world.

The heterogeneity in PM, 5 levels and other gaseous pollutants is dependent on
the location (Zikova et al. 2017). Many previous studies have been carried out to
investigate the air pollution over Delhi through offline measurements. Since 2017,
CPCB initiated continuous ambient air quality monitoring measuring air quality on a
near-real time to hourly time interval resolution. The best part of these measurements
by CPCB is that the data set is open source. The regulatory bodies and public
organizations have deployed a series of instruments based on the federal reference


https://news.un.org/en/story/2018/05/1008732
https://news.un.org/en/story/2018/05/1008732
https://news.un.org/en/story/2018/05/1008732
https://pib.gov.in/newsite/PrintRelease.aspx?relid=187400
https://www.investindia.gov.in/sector/renewable-energy
https://www.statista.com/chart/13575/deaths-from-air-pollution-worldwide/
https://www.statista.com/chart/13575/deaths-from-air-pollution-worldwide/
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Fig. 5.4 Regional scenario of air pollution (annual average PM, s in year 2018) in Delhi and
nearby cities in India and in neighbouring countries. Source: AirVisual (2018)

method (FRM) and federal equivalent method (FEM) for an accurate and reliable air
quality measurements in Delhi (DPCC 2017). A total of 26 Continuous Ambient Air
Quality Monitoring Stations (CAAQMS) have been set up to help improve air
quality data sets and assess the spatiotemporal variabilities in the abundance of
pollutants and their source contributions (http://www.dpccairdata.com).

This chapter also embodies observations and discussions on the variability,
effects and the understanding of criteria air pollutants. This work on detailed
characterization of the air masses in Delhi documents on the following: (1) temporal
variability of air pollutants on an hourly, weekly and seasonally basis; (2) abundance
of primary and secondary pollutants and their relative abundances; and (3) applica-
tion of conditional probability function (CPF) and potential source contribution
function (PSCF) to look into the new insights of air pollution over Delhi.

5.3.2 Study Site

To assess the ambient air quality in urban area of Delhi, the Mandir Marg (MM) site
was selected (Fig. 5.5).

MM is situated in the central part of Delhi, and it is 200 m away from the ring
road, and the site has an influence from local emissions such as light duty/heavy duty
vehicle activities. At MM site, a real-time beta-attenuation monitor (BAM, Ecotech,
AECOM Group, Australia) and gases monitor (Ecotech, AECOM Group, Australia)
are installed by the CPCB for measuring criterion pollutants.


http://www.dpccairdata.com
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5.3.3 Data Source and Study Period

The hourly concentrations of particulate matter (PM,s and PM;q) and other
pollutants along with the meteorological parameters (wind speed, wind direction,
temperature, and relative humidity) were obtained from the CPCB online portal for
air quality data dissemination (https://app.cpcbcer.com/ccer/#/caagm-dashboard-all/
caagm-landing). In this study, concentrations of these pollutants were analysed for
the time period of 1 year from O1 January 2018 to 31 December 2018.

5.3.4 CBPF Analysis

In order to identify the local sources of pollutants, the conditional bivariate proba-
bility function (CBPF) analysis was performed. The CBPF was calculated using air
pollutants by coupling of conditional probability function (CPF) with wind speed as
a third variable, distributing, measured pollutant concentration to range of wind
sector bins. CBPF is defined as follows:

maoau | € 2> X

CBPFAG,AM == NAoa

where mag A, | ¢ > X is the number of samples while wind is blowing in the wind
sector ‘A@’ with wind speed interval ‘A’ having concentration ‘c’ greater than a
threshold value, ‘X’; and nag, a, is the total number of samples observed in that wind
direction for a given speed interval. The threshold criterion was chosen at the 50th or
75th percentile of pollutant concentration. CBPF analysis was performed by openair
R package (Carslaw and Ropkins 2012) in R-studio (version 3.1.1; R Core Team,
2014) statistical software. More details about the method are described in Uria-
Tellaetxe and Carslaw (2014).

5.3.5 PSCF Analysis

Air mass backward trajectories (AMBTs) were retrieved for each day at intervals of
3 h for the duration of 120 h during the study period in year 2018 using National
Oceanic and Atmospheric Administration (NOAA) Air Resources Laboratory
(ARL) Hybrid Single Particle Lagrangian Integrated Trajectory (HY SPLIT) model
(Rolph et al. 2017). The spatial resolution of the data is 1° x 1°, and the arrival
heights of AMBTs were 500 m above the ground level. In this study, openair
package in R has been utilized to download back trajectories. The functions and
codes for downloading the monthly meteorological file from HYSPLIT PC model
and merging every 3-h back trajectory end-point files (e.g. at MM site in this study)
are discussed in openair R package manual. Furthermore, the potential source
contribution function (PSCF) was also performed using the openair R package
(Carslaw and Ropkins 2012).


https://app.cpcbccr.com/ccr/#/caaqm-dashboard-all/caaqm-landing
https://app.cpcbccr.com/ccr/#/caaqm-dashboard-all/caaqm-landing
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5.3.6 Results and Discussion

Figure 5.6 shows the time-series plots (hourly variation) of PM,o, PM, 5, CO, NO,,
NO, and SO, over the entire study period. The relevance of discussing here some of
the gaseous species lies in the fact that they are connected with the emission source
of PM and/or contribute to its burden through chemical reactivity (of these gases)
and formation of secondary aerosols. The high concentrations of PM;, were
observed in various episodes with frequent peaks in summer (March, April, May,
and June 2018), and few peaks during the autumn season (November 2018). The
PM,, mass concentrations exceeded over 75% of the National Ambient Air Quality
Standards (NAAQS), attributable partially due to high load of mineral dust near the
site. The highest mean (p 4+ 1 o) concentration of PM;, was observed as
292 + 116 pg m° in winter, followed by 218 £ 126 pg m > in autumn (post-
monsoon), 182 + 101 pg m > in summer and 126 4+ 86 pg m > in monsoon,
respectively.

In contrast, the elevated levels of PM, 5 were observed during autumn (5 and
13 November 2018) and winter (22-24 and 29 December 2018) compared to
summer and monsoon. The high concentrations of PM, 5 during autumn and winter
are attributable to the emissions from regional agriculture residue burning and local
burning for space heating. The PM, 5 concentrations exceeded over 55% as com-
pared to NAAQS likely due to the anthropogenic sources (long-range transport of
agricultural waste burning emissions, coal combustion, local biomass/waste burning,
and vehicular emissions). The hourly mean PM, 5 concentrations were observed as
192 4+ 92 pg m° during the winter season, followed by autumn
(159 + 147 pg m ), summer (79 4 55 pg m ) and monsoon (49 =+ 32 pg m ),
respectively (Fig. 5.6). The winter months are associated with low temperatures, low
solar radiation, low mixing heights, and calm winds. All of these conditions are
favourable for the accumulation of pollutants, and thus, leading to high
concentrations of PM. The geographical setting of the region also plays a critical
role in the dispersion/accumulation of air pollution.

High peaks of CO concentrations were found mainly during the winter (26—
31 January 2018). The highest mean CO level was observed as 2.6 & 4.8 pg m >
during the winter season, followed by autumn (1.8 4 1.4 pg m™?), summer
(1.1 + 0.8 pg m), and monsoon (0.5 &+ 0.3 pg m~°) (Fig. 5.6). During winter
and autumn seasons, local and regional source activities [burning of leaves and
woods, and long-range transport of emissions from agricultural residue burning and
the burning for heating purpose in winter] along with the lower boundary layer
height could be the possible reasons for high concentrations of CO.

A near similar trend was observed for NO, and NO concentration during the
study period at MM site. However, the highest NO, and NO concentrations were
observed during night and early morning in winter and autumn season likely due to
increasing heavy duty diesel vehicle emission, atmospheric chemistry and low
mixing height. The highest mean NO and NO, concentrations were
96 4 146 pg m > and 74 + 39 pg m > during winter season of 2018, followed by
autumn (103 £ 136 pg m > for NO; 79 + 43 pg m > for NO,), summer
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(47 £ 93 pg m for NO; 65 + 43 pg m for NO,), and monsoon (21 + 39 pg m ™~ for
NO:; 38 + 20 pg m > for NO,) seasons, respectively (Fig. 5.6). Interestingly, it is
noted that NO level is lower in summer and monsoon as compared to NO, level,
which indicates the influence of photo-chemistry in regulating the abundance of
NOy species.

The elevated peaks of SO, were observed in winter through summer (March,
April, and May), and then, declining levels are observed in monsoon and autumn
seasons. The highest mean SO, concentration was observed as 16.2 & 10.3 pyg m >
during summer, followed by winter (11.0 £ 9.1 pg m73), monsoon
(10.9 4 2.0 pg m—?), and autumn (5.4 & 1.7 pg m~>) (Fig. 5.6).

5.3.7 PM,s/PM,, Ratio

Figure 5.7 shows the calendar plot of hourly mean PM, 5/PM; ratio at an urban site
(MM) of Delhi. A high ratio of PM, s/PM;q varying from 0.8 to 1.0 during the
autumn and winter season has been observed in this study. The high ratios suggest
the predominant impact of anthropogenic emissions and the intense atmospheric
reactions leading to enhanced formation of secondary aerosol during the high PM, 5
pollution episodes. Furthermore, the PM, s/PM; ratios were found in the range of
0.2-0.4 during the summer months at the study site, which plausibly indicates that
coarse particles were more prevalent in the summer season. This observation has
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linkage to enhanced mineral dust resuspension during the drier and hot summer
season.

5.3.8 Influence of Meteorology

Besides atmospheric chemistry, the meteorological factors can also influence the
level of air pollutants. Therefore, in order to understand the transport and the
variabilities of criteria pollutants, conditional probability function (CPF) using
wind speed and direction was analysed for the two high pollution witnessing seasons
(winter and autumn). We plotted CPF by openair R package (Carslaw and Ropkins
2012) in R-studio (version 3.1.1; R Core Team, 2014) statistical software. More
details about the functions are described in openair manual (Carslaw and Ropkins
2012).

The CBPF plots for diagnostic ratios (PM, 5/PM;, CO/NOx and SO,/NOx) are
shown in Fig. 5.8 for two different seasons [top panel (winter) and bottom panel
(autumn)]. Concisely speaking, one of the unique features from CBPF plots for all
the assessed pollutants or its ratios herein is that their variability pattern is by and
large governed by the winds from south-west to the south-east direction.

5.3.9 PSCF Analysis

Further, the PSCF approach helps to establish the comparative importance of
regional and local sources by determining the contributions of potential source
regions influencing the air pollution at the receptor site. The PSCF analysis also
segregates the relevant back trajectories along with species concentrations at the
receptor site. The PSCF plots for the PM, 5 are shown in Fig. 5.9 and the colour scale
shown in each of these maps is a PSCF probability, indicating the possibility of
source origin of a given species, which is measured at the receptor site. Threshold
criteria were chosen at 75th percentile of pollutants for identifying the specific
sources. For PM, s, PSCF analysis identified regional source locations in north-
western region encompassing areas from IGP region such as Delhi, Punjab, Haryana
and northern Pakistan, especially in winter and autumn seasons. Some parts of Uttar
Pradesh also contributed PM, s in autumn season (Fig. 5.9). It should be noted that
the highest PM, 5 was associated with low winds. In a recent study (Rajput et al.
2021), it has been shown that ~73% of the total PM pollution originates within the
city cluster in IGP region and rest of the PM pollution is governed through long-
range transport of pollutants from upwind region.

The PSCF maps of PM, s/PM | ratio identify potential source locations mainly in
north-west directions such as Punjab, Haryana, with some contributions from Uttar
Pradesh. This indicates that fine particles were transported predominately from
regional source regions during autumn and winter season (Fig. 5.10a). In winter
and autumn, the PSCF plots of CO/NOx indicated that the probable locations
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Fig. 5.8 CBPF plots of PM, s/PM;o, CO/NOx and SO,/NOx in winter (top panel) and autumn
(bottom panel) seasons over Mandir Marg in Delhi during year 2018. Threshold criteria were
chosen at 75th percentile of species/pollutants

influencing their concentrations are situated in the south-east and east directions
(Ghaziabad and Dadri from Uttar Pradesh) (Fig. 5.10b).

5.4 A Brief Review on Air Pollution and Public Health
5.4.1 Household Air Pollution (HAP) and Its Health Effects

According to the World Bank’s ‘The cost of air pollution: strengthening the
economic case for action’, it is estimated that health and productivity loss in India
due to air pollution, ambient and indoor combined, was about 5.7% of the GDP in
2013 (Balakrishnan et al. 2019). The same report also estimates that of this 5.7%, the
1.3% of GDP loss was due to indoor air pollution (IAP).
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Fig. 5.9 PSCF plots of PM, 5 using 5-day air mass back trajectories at Mandir Marg in Delhi
(at 500 m above ground level). Threshold criteria were chosen at 50th percentile of pollutants

About IAP, the World Health Organization (WHO) asserts the rule of 1000, a rule
which states that any pollutant released indoors is 1000 times more likely to reach
into a person’s lung as compared to the scenario when it is released outdoors (WHO
2007). As a result, IAP has been found to be 10 times more potent as ambient air
pollution (Ching-Boon 2016). According to the WHO, IAP has directly been linked
to increased cases of pneumonia, stroke, ischaemic heart disease, chronic obstructive
pulmonary disease (COPD), and lung cancer in women and children (WHO 2018b).

Moreover, studies indicate that IAP disproportionately affects under-developed
and developing countries (Kankaria et al. 2014). 4.5% of global daily-adjusted life
year (DALY) and 3.5 million deaths in 2010 were attributed to indoor air pollution.
The World Bank Study also reported that the total welfare loss due to premature
death as a result of air pollution increased by 94% between 1990 and 2013, in which
the contribution of IAP increased by four times to the final tune of $1.5 trillion
(adjusted to 2011 PPP, purchasing power parity).

5.4.2 Sources and Pollutants

(a) Solid and biomass fuels—Incomplete combustion of biomass fuels generate
pollutants like particulate matter (PM), carbon monoxide, polyaromatic
hydrocarbons, polyorganic matter and formaldehyde. Combustion of coal, on
the other hand, produces oxides of sulphur, arsenic and fluorine.
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Table 5.2 Indoor air polluting major cooking sources and associated emission impact from rural
Indian region

Indoor pollution source CO (mg m’3) PAH (mg m’3) HCHO (mg m’3)
Dung cake 144 3.56 670

Wood 156 2.01 652

Coal 94 0.55 109

Kerosene 108 0.23 112

LPG 14 0.13 68

Table 5.3 Indoor air qual-

it i badldi thi Pollutants Average concentration
g};llhni 1\111(1ijgS within CO,, ppm % 1068

PM,p, pg m™" 689

PM, s, pg m 492

Benzene, ppb 150

Acetaldehyde, ppb 3125

Acetone, ppb 800

Toluene, ppb 275

Aerobic plate count, CFU 153

Fungal count, CFU 48

(b)

(©)

(d)
(e)

()

Here, ppm parts per million; ppb parts per billion; and CFU colony-
forming units

Bioaerosols—Airborne particles produced from microbial, viral, fungal and
actinomycete, as well as microbes from organic materials, humidifiers,
vaporizers, heating, ventilating and air conditioning systems (HVAC), lead to
allergies, infections and poisoning.

Volatile organic compounds—Pollutants such as aldehydes, volatile and semi-
volatile organic compounds from resins, waxes, polishing materials, cosmetics
and binders.

Heavy metals like zinc, cadmium, chromium, mercury, lead and copper. Radon,
pesticides, tobacco smoke and carbon monoxide.

Biological pollutants like dust mites, moulds, pollen and infectious agents
produced in stagnant water, mattresses, carpets and humidifiers too pollute
indoor air.

Infiltration of outdoor polluted air.

Additionally, indoor air quality (IAQ, Tables 5.2 and 5.3) gets further affected by

[ O I S

. Building characteristics such as the air tightness and ventilation

. Building occupancy and living space

. Equipment used within the buildings (e.g. photocopiers, printers and heaters)
. The customs, habits and tradition of the residents

. The economic status of occupants
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Fig. 5.11 PM, 5 mass concentrations and use of solid fuels in the states of India, 2017: (a)
Population-weighted mean ambient air PM, 5 and (b) proportion of population using solid fuels.
(Adapted from Balakrishnan et al. 2019)

In India, combustion of fuels is the largest contributor to indoor air pollution
(IAP). Balakrishnan et al. (2019) find that IAP continues to wreak havoc in India due
to excessive residential use of solid fuels (wood, dung, agricultural residue, coal and
charcoal) for cooking and heating purposes (Fig. 5.11). Furthermore, more than half
of India’s population was exposed to IAP in 2017 (Balakrishnan et al. 2019).

5.4.3 Health Status

Of the 1.24 million deaths in India in 2017 due to air pollution (12.5% of all deaths in
India that year), 0.48 million deaths were attributed to IAP (Balakrishnan et al.
2019). 8.1% of total DALYSs in India (38.7 million in 480.7 million) for the same
year were due to air pollution; 3.3% were due to IAP. Lancet report informs that
1 out of every 8 deaths in India in 2017 were due to air pollution (Balakrishnan et al.
2019). This indicates that air pollution puts a disproportionate health burden on
India. This same fact also means that India has the most to gain by undertaking
reforms. The same Lancet report informs that reduction in air pollution and bringing
air quality level to minimum accepted level would add 1.7 years to the average life
expectancy of Indian population.

According to the State of Global Air Report, 2019 (Health Effects Institute 2019),
Indian region was observed to have the second highest concentration of indoor
PM, 5 averaging at 91 pg m > in South Asia (after Nepal’s 100 pg m—>) in 2017.
Even in 2017, 56% of the population was still using solid fuels. A study done in rural
areas of India found that PM exposure in a household that uses biomass for cooking
averaged at 231 + 109 mg m >, compared to households that used cleaner fuel
where the daily average exposure stood at 82 & 39 mg m > (Kankaria et al. 2014).
The findings from the above-mentioned study are presented below:
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A study conducted in Mumbai found that PM, 5 average concentration from
tobacco smoke was 363 pg m° at venues where smoking was allowed, compared
to 97 pg m > where it was not (Raute et al. 2011).

Besides households, other settings where IAP is a cause of concern are schools,
offices, and hospitals. A Greenpeace India report found that pollution levels in Delhi
schools were five times higher than the safe limit recommended by WHO (Press
Trust of India 2015). Other studies done in Delhi (Singh et al. 2017), Chennai
(Nagendra and Harika 2010), Himachal Pradesh (Shree et al. 2019) and international
experiences (WHO 2018b) all corroborate this finding and confirm that IAP level
remains far worse inside the classroom than outside with exaggerated PM levels
being the most threatening pollutant.

The Lancet (Stokel-Walker 2018) reports that 800,000 people globally die every
year due to air quality issues at their workplace, and many more suffer due to the
‘sick building syndrome’ (EPA 1991), which includes headaches, cough, fever and
chest pain caused due to contamination of air inside buildings. Lack of nationwide
data in the Indian context makes it hard to comment on the corresponding figures for
India, but a presentation given at Griha Summit summarizes the following with
respect to buildings in NCR (Meattle 2016). Other studies in Rajasthan (Singhvi
et al. 2019) support the finding of poor indoor quality in buildings.

The WHO reports that at any time 1.4 million people around the world are
influenced with hospital-acquired infections (HAIs) and as many as 80,000 people
around the world every year die due to HAI (Sidhu 2018). The IAQ and HAI
incidence is dependent on factors like dimensional space, design features, cleaning
and maintenance activities (Gola et al. 2019) and presence of bacteria, fungi, moulds
and germs (Sidhu 2018). Emissions of pollutants (PM, s, PM o, O3 and NO) from
nearby sources like road traffic and parking (Gola et al. 2019) also contribute to poor
air quality in hospitals. A study done in hospitals in Chennai found high level of
contamination of bioaerosols and pathogens in indoor air (Sudharsanam et al. 2008).

5.4.4 Health Effects

IAP disproportionately affects children, women and elderly (over the age of 60)
because they spend most of their time at home and thus are exposed to pollutants for
a longer period (Table 5.4). Sustained exposure of pregnant women has been
reported to affect both the mother and the unborn. According to WHO factsheet,
3.8 million people globally die prematurely every year due to IAP. Among these,
27% are due to pneumonia, 18% due to stroke, 27% due to ischaemic heart disease,
20% due to COPD and 8% due to lung cancer (WHO 2018b).

Studies have found that the use of solid fuels causes acute respiratory tract
infection and COPD, poor perinatal outcomes like low birthweight and stillbirth,
cancer of nasopharynx, larynx, lung and leukaemia (Kankaria et al. 2014). PM and
nitrogen dioxide have been found to cause respiratory infections. PM causes chronic
bronchitis and COPD, while nitrogen dioxide affects lung function and causes
wheezing. Sulphur dioxide too causes wheezing and exacerbates asthma, COPD
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Table 5.4 Health effects of indoor air pollution (IAP)

Study and year

Capistrano et al.
(2017)

Neogi et al. (2015)

Sehgal et al. (2014a,
2014b)

Burnett et al. (2014)

Bhat et al. (2012)

Important finding summary

Found increased airway inflammation and oxidative stress when
women are exposed to biomass smoke

HAP found to be strongly associated with neonatal mortality rate after
adjustment (f = 0.22; 95% confidence interval [CI] = 0.09 to 0.35) for
urban and rural areas combined. For rural areas, the association was
significant (f = 0.30; 95% CI = 0.13 to 0.45) after adjustment

Use of biomass fuel was associated with cataract 2.16 (1.42, 3.26) and
stillbirths 1.26 (1.12, 1.43) in women

Risk estimate for male COPD incidence due to IAP PM, 5 was 1.90
(95% CI: 1.56, 2.32) and for females was 2.70 (95% CI: 1.95, 3.75)

Use of any other fuel except LPG was found to be associated with acute

lower respiratory tract infection (OR = 26.3, 95% CI: 10.5-65.7)
Women chronically exposed to biomass smoke—high risk of
developing upper and lower respiratory symptoms, lung function
impairment, COPD, pulmonary and systemic inflammation, CVD,
depression and increased risk of lung cancer

Biomass fuel use found to be associated with COPD (OR = 1.24,
95% CI: 0.36-6.64)

High exposure of pregnant women to IAP associated with low
birthweight of newborns (OR = 1.41, 95% CI: 1.27-1.55)

Biomass fuel use associated with child mortality between ages 1 and
4 (prevalence ratio: boys = 1.30, 95% CI: 1.08-1.56; girls = 1.33,
95% CI: 1.12-1.58)

Use of biomass fuels associated with increased probability (49%) of
low birthweight

CPCB (2018)

Johnson et al. (2011)
Sreeramareddy et al.

(2011)
Bassani et al. (2010)

Tielsch et al. (2009)

Behera and Use of solid fuel among non-smoking women led to increased chances
Balamugesh (2005) of lung cancer (OR = 3.04, 95% CI: 1.1-8.38)
Saha (2005) Age-related cataract associated with wood burning (OR = 2.12,

95% CI: 1.03-4.34)

and CVD (Cardiovascular disease). Carbon monoxide (CO) has been found to lead
to low birthweight and perinatal death, while polycyclic aromatic hydrocarbon
(PAH) has been found to lead to cancers of lungs, mouth, nasopharynx and larynx.
These PAHs are released by the combustion sources, which also produce metal ions,
both of which cause cataract.

Incomplete combustion of biomass also produces formaldehyde, which has been
known to cause acute irritation and bronchitis, reduce vital capacity and act as a
carcinogen that can cause leukaemia and lung cancer. India-specific studies show
that use of biomass combustion for cooking leads to active tuberculosis (odds ratio:
OR = 3.66, 95% CI: 2.82—4.50). In fact, 51% of all cases of active tuberculosis in the
age group of 20 years and above could be attributed to smoke from cooking. Users of
biomass fuels were also found to be at 50% excess risk of stillbirths and 1.5 times
more likely to have low birthweight babies. On average, these babies weigh 73 g
lighter (mean birthweight 2883.8 g versus 2810.7 g, p < 0.001). There is also an
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increased risk to asthma (Sehgal et al. 2014a, b). Besides this, the cognitive abilities
and productivity levels of those exposed to higher level of indoor pollutions are
severely hampered. Holding constant other risk factors, apart from LPG, all other
cooking fuels were found to cause acute lower respiratory tract infection (adjusted
OR = 4.73). In fact, the use of biomass fuels was found to significantly contribute to
a prolonged nasal mucociliary clearance time (765.8 = 378.16 s) when compared to
the use of cleaner fuels (545.4 & 215.55 s). Similarly, biomass use was also found to
lead to higher cases of COPD (OR: 1.24), especially among those who spend more
than 2 h a day for cooking. Additionally, the carcinogens (PAHs, HCHO, etc.)
released by biomass fuels reportedly led to cases of lung cancer in women (Kankaria
et al. 2014). Among women, the study conducted by Sehgal et al. (2014a, b) found
that IAP contributes to 2.4 million of the 5.6 million cases of chronic bronchitis, 0.3
million of the 0.76 million cases of TB and five million of the 51.4 million cases of
cataract. Her paper also corroborates aforementioned IAP health effects of COPD
(OR from 1 to 3.04), lung cancer (OR from 1.5 to 3.8) and acute lower respiratory
tract infections (OR from 1.5 to 3.7).

Studies that have been used to present above the health effects of IAP have been
tabulated in table 5.4:

5.4.5 Vulnerable Population

IAP is more likely to affect rural and poor/low socio-economic status (SES)
households compared to urban and richer households and women and younger
children are the more vulnerable population compared to men (Kankaria et al.
2014). Since combustion of cooking fuels contributes to IAP the most, women get
disproportionately affected due to household air pollution. According to the Global
Burden of Disease programme, globally India records the highest number of deaths
attributed to illnesses caused due to IAP from solid fuel burning. According to the
World Health Organization’s report ‘Air Pollution and Child Health’ in 2016, indoor
air pollution led to the death of 66,890 children below the age of 5 years, out of
which 36,073 were girls and 30,817 were boys. In totality, 101,788 children in India
under 5 years of age died due to ambient and indoor air pollution combined, which
roughly translates to around 12 deaths per hour in 2016. Besides women and
children, it is the elderly (age > 60 years) who are extremely vulnerable to IAP
and studies show that the elderly in households that use biomass fuels more often
suffer from asthma (as compared to households that use cleaner fuels, OR = 1.59;
95% CI: 1.30—1.94). The same study also confirmed that women are more vulnerable
to asthma caused by IAP as compared to men.
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5.5 Conclusions

We have presented here the current status of air pollution focusing over a typical
urban site of Delhi and a brief overview of health effectsof air pollution. We report
on detailed characterization of the air masses in Delhi and investigate the following
aspects: (i) temporal variability of particulate matter (PM, 5 and PM;) on an hourly,
weekly, monthly and seasonally basis; (ii) the primary and secondary pollutants and
their relative abundances; and (iii) conditional probability function (CPF) and
potential source contribution function (PSCF) are also discussed for the data set
over Delhi. In Delhi, clear seasonal trends were observed for PM, s, PM;,, CO, SO,
and NOx. High abundance episodes of PM, 5, PM;o, CO and NOx were observed in
winter and autumn due to emissions from local and regional sources and from the
long-range transport. High PM, s/PM, ratio in autumn and winter is attributable to
predominant impact from anthropogenic emission sources. CPF and PSCF analysis
showed that besides local sources the long-range transport affected the local and
regional ambient air quality in Delhi. Overall, the PSCF analysis has revealed that by
and large the high concentration of air pollutants, mainly during the winter and
autumn seasons, was associated with air masses arriving from north-west direction in
Delhi. This study highlights the utility of other CAAQM stations in India for the
exploration of air quality research, public health and awareness and policy
framework.
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Abstract

This chapter presents a brief review on the characterization of primary and secondary
airborne particulates. The atmospheric aerosols are complicated composition of
various chemical species. As the chemical structure and size distribution of the
aerosol particulates are linked to their origin and formation mechanisms, their natural
or anthropogenic origin can be identified by chemical characterization. Other factors
including regional atmospheric dynamics (responsible for transport and dispersion
of pollutants), meteorological conditions and the presence of gaseous precursors
(influencing gas-to-particle conversion) are also important. The purpose of this
chapter is to present a brief outline of emission sources of primary and secondary
particles from natural and anthropogenic sources with focus on characterization and
to describe and analyse the main factors that characterize main sources of origin,
chemical structure and size distribution. We begin with the primary and secondary
particulates and their emission sources. We then discuss physical and chemical
characteristics of the airborne particulate matter. The particle diameter, shape,
density, size distribution, etc., are described in detail. We have also highlighted
the different chemical and biological composition of PM. The formation and
removal pathways of these species are also explained. The brief overview of
different characterization techniques was also given in the last section of this chapter,
which are used for the physical and chemical characterization of particulates.
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6.1 Introduction

Atmospheric particles, also known as aerosols or particulate matter (PM), are a
suspension of solid and liquid particles in the air (Baron and Willeke 2001; Koop
et al. 2011). Atmospheric PM comprises a heterogeneous mixture of small particles
and liquid droplets varying greatly in origin, size and composition (Kim et al. 2015)
depending on the location and time. Airborne particulate matter represents a broad
class of physically and chemically varied substances (Virtanen et al. 2010). Atmo-
spheric PM is of considerable concern because it has pronounced effect on global
climate, human health and visibility reduction (Seinfeld and Pandis 2016; Saxena
and Sonwani 2019a). Particulate matter (PM) accounts for a complex group of air
pollutants with properties and impacts that vary according to its composition and
size. The mass and composition of airborne particulate matter are highly unpredict-
able in spatiotemporal terms and are considerably affected by meteorological and
climatic circumstances. The emission rates, size and composition of PM emissions
are challenging to determine since they depend not only on the sector considered, but
also on the fuel properties, technology and other characteristics of the emission
process. Aerosols in the atmosphere have different origins and largely varying
physical and chemical properties. Atmospheric PM can be emitted by a wide variety
of sources that influence its physical, chemical and biological compositions (Després
et al. 2012; Saxena and Sonwani 2019b). Particles with diverse size fractions might
distinct not only in framework and size but also in origin, formation technique and
physical and chemical characteristics (Lee et al. 2006). Once emitted, particles may
undergo various physicochemical transformations that may alter particle size and
chemical characteristics. The atmospheric aerosol is very complicated, portraying a
combination of primary and secondary species (Kanakidou et al. 2005). The emis-
sion sources, geographical location and corresponding atmospheric chemistry deter-
mine the characteristics of the primary and secondary aerosol (Karagulian et al.
2015). Sources of PM comprise both direct emissions and chemical conversion of
precursor gases emanated from automobiles, power plants, wood burning, forest and
agricultural fires, and natural sources (Sonwani and Kulshrestha 2018). The crustal
elements (Fe, Ca, K, Mn, Si, Al, Ti, Sr) and their composite, soot, sea salt and a
series of organic compound are main components of primary aerosol, while ammo-
nium, nitrates, sulphates, chloride and carbonaceous material are important part of
secondary aerosol (Cheung et al. 2011).

The presence of all these pollutants modifies the physicochemical characteristics
of the atmosphere. The mass and number concentrations of particulate matter, their
architecture and chemical content are also a crucial aspect to be considered along
with size. It is necessary to understand what makes up the aerosol and how the
chemical composition of the aerosol is temporally and spatially distributed in the
ambient environment. The physical and chemical characterization of the particulates
can determine their atmospheric behaviour and also provide the valuable information
about the sources of particles. Unlike other pollutants, such as SO, or NH;, PM
describes a complex group of air pollutants with properties and impacts that vary
according to their composition and size (Booth and Bellouin 2015). The composition
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of PM is highly complicated and varies depending on local sources, source strength
and atmospheric processes such as regional transport and gas-to-particle
partitioning. The primary goal of the present chapter is to describe and analyse the
main factors that characterize PM emissions, including main sources of origin, size
distribution and chemical composition. Thus, understanding their sources and their
associated physical, chemical and biological compositions can provide insight on
exposure and possible mitigation strategies. Therefore, investigating the physico-
chemical characteristics of PM is crucial in understanding its environmental and
health effects for both policymakers and the general public (Sonwani and Maurya
2018; Saxena and Sonwani 2019¢).

6.2  Primary and Secondary Airborne Particulate Matters

Atmospheric aerosol particles can be divided into two classes reflecting their major
formation mechanisms as primary and secondary. The directly emitted particles from
anthropogenic or natural sources are primary PM and those resulted from gas-to-
particle conversion are secondary PM. The latter ones are produced through con-
densation processes of a semi-volatile component either on its own or on
pre-existing particulate surfaces or volumes and via reactions of more than one gas
forming a new particle (Maria et al. 2004).

Primary PM originates predominantly from combustion (e.g. vehicle engines)
and high-temperature processes (e.g. smelting and welding industrial operations)
(Fonseca et al. 2015; Maricq 2007) as well as from mechanical disruption processes
and man or wind-induced events causing suspension of particles (e.g. resuspension
of street dust) (Amato et al. 2014; Guevara 2016). Primary particulates are emanated
from sources as particles and are dispersed in the atmosphere without any large
chemical changes. Combustion emissions include directly generated carbonaceous
material and trace elements, while hydrocarbons, SO, and NO, released from natural
and anthropogenic sources are oxidized within the atmosphere forming products,
which may either form new particles or be removed by condensation onto the
surfaces of existing aerosols. The great interest in atmospheric particles at present
is result of their impacts on human health and climate. Primary particles generally
have effects on local scales, whereas secondary particles affect regional and much
broader areas, whereby the primary particles mostly exist in the coarse size fraction
and the secondary particles generally in the fine fraction (Raes et al. 2000). The
coarse fraction includes particles greater than 2 pm aerodynamic diameters (ADs),
which are mainly directly introduced into the atmosphere with mechanical actions or
from natural sources. The fine fraction contains primarily particulates with aerody-
namic diameters (ADs) less than 2 pm, which originate from gas-to-particle conver-
sion. The secondary PM in the atmosphere is the result of gas-to-particle conversion
or condensation of gaseous compounds on pre-existing aerosol particulates, mainly
involving NO,, SO,, NH; and VOCs, which may react with O3, OH and other
reactive molecules forming secondary inorganic aerosols (SIAs) and secondary
organic aerosols (SOAs) (McMurry et al. 2004).
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6.3 Emission Sources

The temporal variability and spatial variability in the structure of atmospheric
aerosols on regional and global scales are controlled by different types of natural
and anthropogenic emission sources. The sources of primary particulate matter
(PM) are derived from both human (anthropogenic) and natural
(non-anthropogenic or biogenic) activities. Secondary PM sources directly emit
gaseous pollutant into the atmosphere, which forms or helps to form PM.

6.3.1 Natural Sources

Globally, natural sources of primary aerosol dominate the mass emissions of
PM. Natural sources are mainly sea salt, soil erosion, volcanic eruptions, wildfires
and biogenic sources (Lewis et al. 2004).

Sea salts, commonly known as sea spray, are particles arising due to the bursting
of air bubbles on the surface of water due to the movement of waves (Lewis et al.
2004). The freshly generated sea salt particles from the sea possess the composition
of the seawater. This composition is modified during their stay in the atmosphere due
to the reaction with gaseous and acidic species such as NOy, leading to chloride
depletion. In general, they consist essentially of sodium chloride (NaCl), sodium,
potassium or magnesium sulphates (Na2SO4, K2SO4 and MgSO4) (Bliefert and
Perraud 2007). Hygroscopic properties of these compounds determine the
particle size.

Soil erosion is another natural source of primary aerosol, generated primarily
through wind action in dry conditions or in arid regions, which cover about a third of
the surface of the continents (Mahowald et al. 2005). The natural mineral dust
particles may result from physical and chemical weathering, soil dust resuspension
or long-range transport (Tegen et al. 1997). Mineral (soil) dust is a primary
component of the aerosol on a global scale and accounts for a large part of the
natural primary particulate matter. The structure of these particles relies upon the
geological characteristics of the area (Pietrodangelo et al. 2013). The chemical
structure of atmospheric aerosols from soil erosion indicates that they are on the
whole, consisting of characteristics of the crustal elements, mainly Al, Si, Fe, Ti, Ca,
Na, Mg and K (Usher et al. 2003).

Volcanic eruptions are also sources of primary particles but in a limited time
contribution. However, their contribution to the bulk PM levels in ambient air is
limited in time and space (Andres and Kasgnoc 1998; Graf et al. 1997). The volcanic
particles are mainly composed of glass and also contain pyroxene, feldspar, plagio-
clase and aluminosilicates. Two types of solid particles are formed, dust and fly ash,
as well as gaseous emissions mainly SO,, CO,, H,0, H,S, etc. These compounds
can act as a precursor gas at the gas-to-particle conversion.

Wildfires, as volcanic eruptions, have a limited spatial and temporal impact. The
difference between natural and anthropogenic aerosols produced under these
conditions is difficult to establish. The composition of smoke from forest fires varies
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and this smoke is composed of primary particulates, in the variety of ash and soot
and gases that may lead to the production of secondary particles by gas-to-particle
conversion (Jain et al. 2021). The amount of the particles produced and their
composition depends on the characteristics of the burnt plant timber (Alves et al.
2010).

The origin of the biogenic particles is variables such as pollens, spores,
fragments of animals and plants, as well as bacteria, algae, protozoa, fungi and
viruses (Després et al. 2012). Primary biogenic sources give rise to bioaerosols or
biological residues, some of which are of potential risk to human health. These
aerosols comprise mainly of plant debris and microbial particles such as bacteria and
fungi, viruses, protozoon or algae, pollen and spores. Bacteria and viruses have sizes
<2 pm, whereas the fragments of plants and spores exhibit sizes in the coarse
fraction (Pésfai and Molnar 2013).

Sulphate, nitrate and organic matter are the main components of the natural
secondary aerosols. The natural sources of secondary particles are the sources of
precursors involved in the gas-to-particle conversion (Sonwani et al. 2016). Natural
sulphate aerosols are generated in the atmosphere from the chemical reactions of
gaseous precursors. The two main sulphate precursors are SO, from volcanoes and
dimethyl sulphide ((CH3),S; DMS) from biogenic sources. Nitrate is formed by the
oxidation of nitrogen oxides (NO,), and the soil transpiration and lightning are the
main natural sources (Price et al. 1997; Roelle et al. 2001).

Secondary organic aerosols (SOAs) may be formed by oxidation of organic
compounds emitted by forests and grasslands, volcanic eruptions and burning
biomass. The main natural sources of the organic precursors for secondary aerosol
formation occur in forested areas, where significant quantities of volatile organic
compounds (VOCs), such as isoprene and monoterpenes, are released during plant
transpiration. The oxidation of these organic vapours gives lower vapour pressure
gases, which create new particles by nucleation or condense onto pre-existing
particles (Claeys et al. 2004).

6.3.2 Anthropogenic Sources

Anthropogenic emissions of primary particles result mainly from the transportation
sector, industrial waste, petroleum products, incineration sites and agricultural
activities. Road transport contributes to particulate emissions not only through the
exhaust gas, but also by the wear of tires and brakes, as well as the resuspension of
dust covering the roads. It is responsible for many types of particles: fine carbon
particles, coarse particles from road abrasion, particles from abrasion of tires and
brake, characterized by their high copper (Cu) in the case of brakes or zinc for the
tires (Davis et al. 2001). The industries are responsible for the issuance of a vast
majority of heavy metals. The nature of industrial particulates relies upon utilization
of process, but combustion particles generally are dominated by black or elemental
carbon and heavy organic material such as polycyclic aromatic hydrocarbons
(PAHs) (Sonwani et al. 2021a; Bond et al. 2007; Davis et al. 2001).
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Anthropogenic particulate sources are mainly located in urban and industrial
environments. With regard to traffic, primary coarse particles originate from the
abrasion of brake linings (Al-Momani et al. 2005; Gietl et al. 2010) and tyres and
resuspended road dust, whereas fine primary particles (soot and trace elements) are
emitted by the vehicle exhaust. Manufacturing of bricks, cement and ceramics,
building construction, coal combustion, mining, metallurgy, smelters and waste
incineration are among the industrial and technical activities that also produce
primary particles. The primary particles associated with some industrial sources
consist mostly of coarse particulate matter of crustal composition. Smelters and
waste incinerators emit fine primary particles (Pacyna and Pacyna 2001). Coal
combustion is a large source of fly ash (primary PM) whose emission has been
larger in the past, but currently in most industrialized countries, it has been reduced
due to the progress replacement of coal by other fuels and the use of emission
abatement technologies.

Anthropogenic secondary particles include sulphate, nitrate and organic particles.
A large proportion of SO, which is the gaseous precursor of sulphate, originates
from coal combustion, other industrial activities and vehicular traffic. The oxidation
of SO, produces sulphuric acid (H,SO,4), which is then neutralized by ammonia
forming ammonium derivatives (NH;HSO,4, (NH4),SO,) in the fine size fraction.
However, sulphuric acid neutralized by calcium carbonate and sodium chloride can
be found in the coarse fraction. Traffic emission in the urban environment and some
industrial processes are the main anthropogenic sources of nitrogen oxides (NOy),
and gaseous nitric acid (HNOs3) is formed by the oxidation of NO, and may be
neutralized and transformed into particulate nitrate. Ammonium nitrate is present in
the fine mode, while calcium nitrate and sodium nitrate (formed by neutralization of
HNO; by crustal CaCOj3 and marine NaCl, respectively) occur in the course.

Secondary particles can be formed by anthropogenic emissions and gaseous
compounds by gas-to-particle conversion (Pankow 1994). Anthropogenic emissions
of sulphur-based compounds are totally due to SO, emissions. Sulphur is emitted
from burning of coal and petroleum products, refineries and processing of
non-ferrous ores. Nitrogen-based gases such as NO and NO, emitted into the
troposphere by combustion processes (fossil fuels, biomass) and NH; emitted from
the combustion of biomass, animal husbandry and agriculture are precursors of
anthropogenic particles (Benson et al. 2011). Burning fossil fuels (transport, indus-
try), waste incineration and combustion of wood and coal (cooking and heating) are
sources of anthropogenic particles rich in organic compounds.

6.4 Characterization of Airborne Particulate Matter

The particles are mainly categorized based on their physical (size and shape) and
chemical characteristics. The characterization of PM provides information important
to the understanding of our environment and associated health risks. Understanding
the size and shape of particles is very necessary to evaluate the impact of PM on
human health and environment. Thorough description of physical properties like
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shape, size, density and chemical and biological composition is given in the present
section.

6.4.1 Physical Properties

6.4.1.1 Textural Properties
Whatever their chemical composition, the solid particles can be characterized
according to their textural properties. The concept of texture includes the specific
surface area (m”/g), the specific pore volume (cm?/g) and porosity, the shape of the
pores, and the pore distribution or the pore volume distribution. The specific surface
area (m?/g) is the total surface area per unit mass of a divided solid, and it
corresponds on one hand to the geometric surface of the grains, depending on the
size distribution and shape (such as asbestos) of particles, and, on the other hand, to
the surface made by the pore walls (Corn et al. 1971). The specific surface area
promotes the adsorption or the attachment of molecules from the gas phase. In the
solid—gas interface, the molecules from the gas phase can either bounce off or set on
the surface of the solid for a longer or shorter time, causing an over concentration on
the surface of the solid. Depending on the nature and intensity of the bonding forces
in play, there are physical adsorption and chemical adsorption. The larger the
specific surface area, the greater the capability to absorb the molecules is important.
The particles having a diameter less than 1 pm are generally characterized by a
high specific surface value, which will promote the adsorption of gaseous molecules.
The soot has a microporous and mesoporous structure that contributes to the total
surface area, and it can exceed 100 m*/g (Rockne et al. 2000). These particles are
likely to have a higher number of sorption sites for different gaseous organic
compounds in the troposphere, such as VOCs, light PAHs, PCBs and PCDD/F.
These textural properties determine the penetration, retention and excretion of the
particulates in the respiratory tract and are therefore responsible for their health
effects (Novak et al. 2014; Wang et al. 2013; Sonwani et al. 2021b).

6.4.1.2 Particle Diameters

Particles come in many different shapes and sizes and are seldom spherical. Hence,
their diameters have to be illustrated by an equivalent diameter. The type of
equivalent diameter used depends on the importance of the physical process
involved. For instance, while diffusion is the primary process for smaller particles
(<0.5 pm), the larger particles are more strongly controlled by their gravitational
settling behaviour. The former particles are best described by the Stokes diameter,
while the aerodynamic diameter is a more useful quantity to characterize the latter.
The two mentioned physical processes have a strong impact on particle transport,
collection and removal processes, including deposition in the respiratory tract.

Stokes Diameter
The Stokes diameter (Ds) of a particle is based on its aerodynamic drag force, which
it experiences when its velocity differs from that of the surrounding fluid. A smooth,
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spherically shaped particle would have a Stokes diameter exactly equal to its
physical diameter, while irregularly shaped ones have Ds of an equivalent sphere
having the same aerodynamic resistance. Moreover, the Stokes diameter is indepen-
dent of density (EPA 2004).

Aerodynamic Diameter (D,)
Aerodynamic diameter (D,) depends on the density of the particle and is represented
as the diameter of a spherical particle having equal gravitational settling velocity
with material density of 1 g/cm®. D, is the quantity of interest for particles that are
larger than 0.5 pm.

The equivalent diameter is used in order to:

» Determine the properties, effects and fate of atmospheric particles.
* Investigate their atmospheric deposition rates and residence times.
 Establish the deposition patterns of the particles in the lung.

* To characterize their light scattering ability (EPA 2004).

6.4.1.3 Shape

Shape is another major physical property of PM, which determines its effect on
human health (Davidson et al. 2005). Particle shape analysis and its effect on human
health are rather new field of study, and many researchers are focusing on under-
standing the relationship between particle’s shape and its effect on human health.
The morphological structure of atmospheric particulates acknowledged substantial
prominence recently as a result of the effect of particulate shape on their chemical
properties. The researcher investigated the framework of particulates present in a
bio-diesel bus and differentiated the particulates into 14 different shapes. Further,
this study showed the relationship between particle shape and its chemical
properties. For example, the smooth square particulates were observed to include
Fe, Na, Cl, Mo, Ca, V, Al, Ti, S, Si, Ag, Pd, K and Mg. The semi-coarse square
particulates contained K, Mo, Cl, Pd, Al, Si, Ca, S and Na, while the coarse square
particulates had Pd, Al, Cl, Mo, Mg, Ca and Na (Shandilya and Kumar 2010).
Understanding the size and shape of particles is very crucial to evaluate the effect of
PM on human health and environment.

6.4.1.4 Density

The aerosol transport properties are determined by density. The dry deposition and
cloud scavenging rely upon settling velocities and inertial characteristics, which
depend on the aerosol particle density. The density of a practically spherical particle
can be theoretically calculated with aqueous aerosol (Reid et al. 1977). The dry
aerosol having low relative humidity results in irregular shape of particles, and the
coagulation process of dry particles also results in production of irregular shape
aerosol particles with non-uniform density. The theoretical assessment of the
emerged densities is not currently accessible, and consequently, observation is
needed for the precise calculation of the density of particles of complicated
morphology.
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6.4.1.5 Size

The PM size ranges exhibit differences in respiratory deposition, atmospheric
formation and deposition mechanisms, composition of particles and their optical
properties. Size of the particles is one of the crucial variables, which affect the
transport and atmospheric deposition of aerosol through the environment. The
attitude of an aerosol is determined by size, which generally represented the aerody-
namic diameter.

Particle Size Distribution

Particulate matter (PM) comes in a broad range of sizes according to its acrodynamic
diameter, including coarse particles (PM2.5-10; diameter between 10 and 2.5 pm),
fine particles (PM2.5; diameter < 2.5 pm), ultrafine particles (UFPs) (PMO.1;
diameter < 0.1 pm) and nanoparticles (PM0.05; diameter < 0.05 pm) (Fig. 6.1).
The size of particulate matter (PM) is directly associated with its potentiality for
creating health problems since lower size particles penetrate further down the
respiratory tract and even transfer to extrapulmonary organs, including the central
nervous system. While most severe adverse health effects have been typically
associated with PM2.5, other epidemiological studies suggest that PM1 may have
a greater potential for adverse health impacts (Sullivan and Prather 2005). The
relative amounts of particles present in each size are expressed by mass concentra-
tion in the case of PM2.5-10 and PM2.5 and by number concentration (PNC) in the
case of aerosol particulates with diameters in the range of 0.1-0.05 pm owing to their
negligible mass.

Coarse-Mode Particles

Fine-Mode Particles

Aptass!tog Doy /M’

0.1 0.2 0.5 1.0 2.0 25 5 10 20 50 100
Aerodynamic particle diameter (um)

Total suspended particles (TSP)

Fig. 6.1 Schematic representation of the size distribution of particulate matter in ambient air.
(Modified from EPA 1996)
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Coarse particles are commonly correlated with mechanical disruption processes
(e.g. crushing, grinding and abrasion of surfaces) and the suspension of dust. The
non-exhaust emissions (wear processes and resuspension) are assumed to be
dominated by the PM2.5-10 fraction, although in some cases particles in the fine
particle range have also been found (approximately 15%). Similarly, emissions
derived from agricultural activities are mainly associated with the coarse size
(Dzepina et al. 2009; Saxena et al. 2021) and the emissions related to handling,
transport and storage of dusty raw materials (Sage et al. 2008). Regarding sea salt
aerosols, approximately 95% of their total mass remain in the coarse mode (Laskin
et al. 2012), although in Atlantic zones, its contribution to PM2.5 can be up to 11%.
PM2.5-10 tends to have a local impact (1-10s of km) and to settle on the ground
through dry deposition processes (e.g. gravitational sedimentation) in a matter of
hours.

This is not the representation for coarse particles related to wind-blown desert
dust, which can be transported over thousands of km. Primary PM2.5, UFP and
nanoparticles are mainly formed from combustion and high-temperature processes
and industrial operations. Road transport, in particular diesel engines, is the major
source of primary PMO.1 and PMO0.05 emissions in urban environments (Zauscher
et al. 2011) with reported contributions of up to 97% of the total PNC (Laskin et al.
2006). Many of the PMs produced by RWC and maritime traffic are also below 1 pm
(Platt et al. 2014). On the other hand, primary UFP and nanoparticle emissions from
industrial processes such as tile sintering and laser ablation operations are also
receiving increasing attention (Fonseca et al. 2015). As opposed to coarse particles,
PMs in the accumulation mode (diameter varies amidst 0.1 and 2.5 pm) tend to have
longer lifetimes (days to weeks) as they settle slowly and have low diffusivities and
their travel distance being up to thousands of km (Sheppard et al. 2005). On the other
hand, UFP usually presents lifetimes that go from minutes to hours owing to their
tendency towards growth into the accumulation mode.

Size Fractions of PMs

The particle behaviour is governed by allocation of particles as according to size,
which is a substantial physical parameter. Different approaches are used to catego-
rize the size of particles: (1) modes, which are based on size distribution observations
and mechanisms of formation; (2) dosimetry or occupational health sizes, as per the
trespass into different chambers of the respiratory systems; and (3) cut points,
generally based on the 50% cut point of the particular sampling instruments (EPA
2004).

Modes: The mass size distribution of PMs is commonly characterized by the
three modes: nucleation, accumulation and coarse modes (Meng and Seinfeld 1994).
The nucleation mode (or Aitken mode) is lowest in diameter, i.e. 0.1 pm, which is
result of condensation of hot vapour emanated from combustion sources and gas-to-
particle conversion in the air. Particles of this size have a high chance of deposition
in the gas-exchanging (alveolar) part of the lung; they are comparably short-lived
and grow into larger particles. This size range can be noticed with the presence of
fresh emission sources adjacent to an observation site or with formation of new
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Fig. 6.2 Specific particle penetration (size-cut curves) with focus on inhalable (IPM), thoracic
(TPM) and respirable particulate matter (RPM). [Source: EPA (2004)]

particles in the atmosphere (Watson et al. 1995). Conversely, the presence of
nucleation mode in the measured atmospheric particle indicates local sources
(Pakkanen et al. 2001). The accumulation range particles consist of those with
diameters between 0.1 and about 1 pm. The coagulation of lower size particles,
condensation of volatile species and gas-to-particle conversion result in formation of
accumulation range particles. These particles remain drooped for up to several weeks
in the air and are not quickly withdrawn by rain. The fine particle size fraction comes
in the nucleation and accumulation ranges, and prominently ammonium nitrate,
ammonium bisulphate, ammonium sulphate and elemental and organic carbon are
observed in this size range (Bardouki et al. 2003).

The coarse mode consists of particles greater than about 1 pm in diameter. These
PMs are commonly produced by mechanical break-up, including wind-blown dust,
construction and sea spray. They make a disproportionate contribution to PM;y mass
(relative to their numbers) when they are measured close to their sources. It is to be
noted that a particle of 1 pm has mass one million times heavier than does a particle
of 10 nm (assuming the same density).

Dosimetry or occupational health sizes: The size fractions are determined by
the occupational health community in provision of their entry into different sections
of the respiratory system. The upper size cut of the particles categorizes them into
inhalable, thoracic and respirable. The entry of inhalable particles into respiratory
tract occurred through head airways (EPA 2004). The subgroup of thoracic patrticles,
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i.e. respirable particles, are more ostensible to approach gas exchange regions of the
lung (Fig. 6.2).

Cut points: Another size fraction is usually specified by the 50% cut point size;
e.g., PM, 5 refers to particles collected by a sampling device that collects 50% of
2.5 pm particles and rejects 50% of 2.5 pm particles. Size-selective sampling is used
to compute particle size division with some certain implication related to health and
source apportionment studies, to measure mass size distributions or to collect size-
segregated particles for chemical analysis. The particles are divided into smaller and
larger fragments with collection on separate filters in dichotomous samplers. The
multiple size-cut technique was used by cascade impactors for mass or chemical
composition assessment.

Relative Humidity’s Impact on Particle Size

Relative humidity influences the particle size distribution in both the accumulation
and coarse modes (EPA 2004). The accumulation and coarse modes overlap in the
intermodal region, which is in the range of 1.0-3.0 pm. High RH causes hygroscopic
particles to grow in size as a result of the accumulation of particles, thus enabling
initially small-sized accumulation mode particles to reach aerodynamic diameters
above 1 pm. At RH of 100%, as in fog and clouds, these accumulation mode
particles may even extend above 2.5 pm in aerodynamic diameter. Conversely, the
coarse particles are disintegrated into lower size particles at very low RH and result
in coarse mode particles having aerodynamic diameters below 2.5 pm (Environmen
and Burton 1995). Misclassifications of accumulation and coarse mode particles can
occur when neglecting the influence of RH.

6.4.1.6 Deliquescence

The single-component aerosol particle can be considered for observing the impact of
relative humidity (RH) on the growth of particles. The atmospheric aerosol particles
remain solid at very low relative humidity. The saturated aqueous solution is formed
by absorbing atmospheric moisture by particles at the relative humidity, and the
transition of phase represents the relative humidity of deliquescence (DRH). The
thermodynamic equilibrium is further maintained with the increasing ambient rela-
tive humidity, which results in further water condensation onto the salt solution.
Otherwise, evaporation of water occurs with the decreasing relative humidity
(RH) over a salt solution. However, the crystallization of solution does not occur
at the deliquescence relative humidity (DRH) as according to thermodynamic
equilibrium. The crystallization finally takes place at considerably lower humidity.

6.4.2 Chemical Characterization

The composition of atmospheric particles is very heterogeneous and varies
according to their emission sources, their physicochemical changes in the atmo-
sphere and their size fractions (Thurston et al. 2011) and the location. The origin
determines the chemical composition of aerosols. Chemical characterization is
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widely used to identify the particulate matter components and their natural and
anthropogenic origin.

6.4.2.1 Chemical Components of Airborne Particulate Matter

The atmospheric particulates are complicated combination of different chemical
species. The major aerosol types (components) are carbonaceous materials (organic
carbon, elemental carbon), ammonium, nitrate, sulphate, sea salt (chloride, sodium)
and crustal matter (mineral dust) (Mazzei et al. 2008). Sulphates and nitrates are
mainly secondary particles. Organic carbon is found in both primary and secondary
forms. Elemental carbon and trace metals are usually emitted as primary particles.

Inorganic and Organic Fraction

The different components of atmospheric aerosols are as metals, ions and carbon:
ammonium, sulphate, nitrate, sodium, chloride, crustal elements, trace metals and
carbonaceous material.

Sulphates and nitrates are initially formed as H2SO4 and HNO3, but are further
neutralized by atmospheric ammonia, which leads to formation of ammonium salts,
NH4NO3, NH4HSO4 and (NH4)2S04. NH3 can also react with hydrochloric acid
(HCI) to form NH4CI. The reaction of formation of NH4Cl and NH4NO3 is
reversible: these salts are volatile and may lead to the reformation of their gaseous
precursors at low pressures of NH3 or at elevated temperature. Chlorides are found
adsorbed on the particulates as a result of neutralization of ammonia with HCI
vapour, which is emanated from sources such as incinerators and power stations.
In a marine and coastal atmosphere, the reaction of HNO3 with NaCl forms sodium
nitrate (NaNO3) and releases HCI. In a calcium-rich atmosphere, HNO3 can react
with CaCO3 to lead to the formation of Ca(NO;). During a dust transport from
deserts, CaCO3 can react with H,SO, to form CaSO4 and with NaCl and release
HCI (Hwang and Ro 20006).

The trace elements: The trace elements such as Ce, Ba, Cd, Co, Ag, As, Cr, Cu,
La, Mn, Nb, Ni, P, Pb, Sc, Se, Sn, Sr, Rb, V, Sb, Zn, Te and Ti are also adsorbed or
condensed on the surface of the particles and may play an big part in the toxicity of
the aerosol. Heavy metals are released during the burning of fossil fuels and wood,
cement, agriculture, some industrial processes and waste incineration.

The carbonaceous fraction: The carbonaceous fraction of the aerosols
comprises both organic carbon and elemental carbon. The combustion processes
emit elemental carbon (EC) directly into the atmosphere. While particles containing
organic carbon (OC) emanated into the atmosphere from primary sources such as
biomass burning and combustion processes, they can also be imported by secondary
organic aerosol (SOA) formation. The atmospheric oxidation reactions result in
formation of products having low enough volatility, which leads to formation of
aerosol via nucleation or gas-to-particle partitioning (Jaoui 2002). It is usually
formed by the incomplete combustion of carbon-based fuels including wood, diesel
and petrol from the combustion of natural (such as the terpene found in the essential
oils of plants, especially conifers and citrus trees) and synthetic products such as
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cigarettes. The main anthropogenic sources of OC are transport (diesel vehicles),
industries and wood heating (Saxena et al. 2020; Sonwani et al. 2021a).

The organic fraction: VOCs are emitted as gases from certain solids or liquids;
they can be adsorbed on PM. The anthropogenic and biogenic sources result in
emission of VOCs into the atmosphere (Seinfeld and Pandis 2016). VOCs include
diversity of components linking to diverse chemical groups (alkanes, ketones,
aldehydes, alcohols and aromatic hydrocarbons). These include organic compounds
having high vapour pressures, which evaporate immediately to the atmosphere.
VOCs are emitted from the combustion of fuels, or by evaporation of solvents in
certain products during their manufacture, storage or use.

PAHs are a group of over 100 compounds that are present in the atmosphere in
very less amounts (ng/m?> of air) but in a higher concentration than VOCs. They can
appear in two varieties: adsorbed on suspended particles and in gas phase: low
molecular weight PAHs which occur in the troposphere chiefly in the vapour phase,
whereas high molecular weight multi-ringed PAHs are largely enslaved to particles.
Intermediate molecular weight PAHs are distributed between the vapour and partic-
ulate phases, as it depends on the atmospheric temperature (Srogi 2007). In the
atmosphere, the reaction of PAHs with pollutants such as ozone, nitrogen oxides and
sulphur dioxide results in formation of diones, dinitro-PAHs and sulphonic acids,
respectively. PAH formation can result from natural processes, but they are mainly
formed by man-made sources: incomplete combustion process of carbonaceous
materials at high temperature, fossil fuels and other organic material pyrolysis
(tobacco or charbroiled meat), waste incineration and combustion of wood and
coal (Ravindra et al. 2008; Sonwani et al. 2022).

PCDDs, PCDFs and PCBs are persistent organic pollutants (POPs) and share a
similar base structure of two aromatic benzene rings with variable chlorine
substituents. ‘Dioxins’ generally refer to a group of seven PCDDs, ten PCDFs and
12 ‘dioxin-like’ PCBs, which are grouped together based on similar structural
characteristics and mechanisms of action. The congener 2,3,7,8-TCDD is the most
widely studied dioxin and is therefore often referred to simply as ‘dioxin’ (Safe
1990). The number and configuration of the chlorine compounds play a large role in
determining properties of each PCDD, PCDF and PCB congener. PCDDs and
PCDFs are not commercially produced or manufactured chemicals; rather, they are
released into the environment as a by-product of combustion (burning) of organic
matter in the presence of chlorine at high temperatures or other industrial processes
such as waste burning incinerators. Natural combustion (forest fires, volcanic activ-
ity) are also anecdotal source of emission of PCDDs and PCDFs. The main human
way of exposure to PCDD and PCDF is related to alimentation (90%). PCBs, on the
other hand, were manufactured until 1979 for use in numerous commercial and
industrial applications (insulating materials) (Ueno et al. 2005).

6.4.2.2 Biological Components of Airborne Particulate Matter

The biologically derived matter including virus, fungi and bacteria comes under
category of biological aerosols. The bioaerosols can be categorized on the basis of
size distribution. Pollen (5-100), fungal spores (1-30), bacteria (0.1-30) and viruses
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(<0.3) can be differentiated with size ranges (Després et al. 2012). The structural
arrangement and water up taking capacity of atmospheric particles are affected by
the bioaerosol. These biological aerosols also exhibit a substantial portion of air-
borne PM and also portray a notable portion of the mass of coarse (PM10) and fine
(PM2.5) particles. The physical characteristic like size and concentration ruled the
dynamics of biological particles in the atmosphere and result in the presence of
bioaerosols as individual particles or agglomerates of particles (Jones and Harrison
2004). The different sources of bioaerosol include biomass, soil and industries. The
different components of bioaerosol like virus, fungi and bacteria attach to PM in the
atmosphere and accelerate their accession into different compartments of the respi-
ratory system (Sonwani et al. 2021b). For example, the pollen grain with size
>10 pm is captured in the nasopharyngeal tract at the time of inhalation due to its
larger size, whereas the presence of pollen allergens in PM, 5 results in penetration
into deeper parts of the lungs (Després et al. 2012). The different pulmonary and
cardiovascular diseases aggravate due to cluster formation of bioaerosols and PM
(Morakinyo et al. 2016).

6.5 Formation Pathways

The two major types of particulate matter, defined in section 2.0, not only differ in
their chemical composition, but also differ in their pathway of formation. Primary
coarse particles are generally produced by mechanical processes including wind-
blown dust, road dust, sea salt and combustion-generated particles such as fly ash
and soot. Primary fine particles can be emitted directly either as particles or as
vapours that quickly condense forming nucleation mode particles. The soot from
diesel engines, a large range of organic compounds from incomplete combustion or
cooking and compounds of As, Se, Zn, etc., which condense from vapour formed
during combustion or smelting, are included in this category.

Condensable vapours generated by chemical reactions of gas-phase precursors
are the source of fine secondary particulate matter. Most sulphates and nitrates along
with some of the organic compounds in atmospheric particles are formed in these
chemical reactions. It is, however, much more difficult to trace ambient secondary
species back to their origins, as the entire formation process relies upon numerous
factors, such as the concentration of precursors and other gaseous reactive species
and atmospheric conditions such as solar radiation and relative humidity (EPA
2004).

6.5.1 Mechanisms of Particle Formation

Atmospheric particle properties are not stable in the environment and they do not
have a constant composition throughout their life, and both their size and chemical
nature can be modified by various physicochemical processes. Although some
particles get straight into the atmosphere from natural and anthropogenic aerosols,
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Fig. 6.3 Schematic representation of the particle size distribution of aerosols and their mechanisms
of formation. (Modified from Whitby and Cantrell 1976)

a large number of particles are produced in the atmosphere (Metzger et al. 2010). The
technique of formation of PM generally consists of three mechanisms: nucleation,
condensation and coagulation as shown in Fig. 6.3. The nucleation leads to a notable
fraction of particles (in number) in the atmosphere formed by the homogeneous
nucleation from the gas phase; it is the genesis of particles. The condensation is a
process where gas molecules condense on the particles. This mechanism increases
the diameter of the particles while retaining their number. The coagulation is a
process that increases the diameter of primary particles by reducing their number.
This is the formation of a particle from the combination of two or more elemental
particles. Due to the Brownian motion, the particles migrate permanently in the
atmosphere and can collide with other particles. The rate of the coagulation depends
on the concentration of particles, their composition, their speed of movement and
their specific surface area. These mechanisms of formation of PM lead to different
classes of particles according to their aerodynamic diameter. Chemical transforma-
tion corresponds to homogeneous or heterogeneous reaction of nucleation or con-
densation of gases naturally or anthropogenically emitted. This phenomenon is
called gas-to-particle conversion that leads to the formation of small particles that
will grow in size by physical transformation. Mainly oxidation reactions take place
with three major classes: compounds based on nitrogen (NO, and NH3), those based
on sulphur (SO,) and organic compounds.

6.5.2 Atmospheric Ageing

As soon as a soot particle leaves a car tailpipe or ship smokestack, it will undergo
physical and chemical transformation, called atmospheric ageing. Atmospheric
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ageing can result in condensation of material onto the soot aggregate, which alters
the hygroscopic properties of the particle and consequently affects the cloud forma-
tion properties and lung deposition. Uptake of coating materials and potentially
water will also change the morphology of the soot particle through restructuring into
a more compact shape.

6.5.3 Gas-to-Particle Formation

The formation of secondary particulates is the result of atmospheric oxidation of SO,
and NO, to sulphuric acid (H,SO,4) and nitric acid (HNO3), respectively. Both
natural and anthropogenic sources generate sulphur and nitrogen gases. These
precursors’ gases undergo oxidation both in liquid droplets and in the gas phase
and result in formation of non-volatile products either via condensation on
pre-existing aerosol particulates or formation of new particulates. These processes
lead to formation of aerosol predominantly in the fine size range (Langner and
Rodhe 1991). The oxidation of SO, occurs via either gas phase or aqueous phase.
The gas-phase oxidation includes the reaction of SO, with hydroxyl radicals (OH),
and aqueous-phase oxidation includes the reaction of sulphur dioxide (SO,) with
hydrogen peroxide (H,O,), ozone (O3), oxygen (O,), hydroxyl radicals and
hydroperoxyl radicals (HO,) (Martin 1994). Nitrate is another main component of
atmospheric aerosol along with sulphate. The gas-phase chemistry of NO, is ruled
by hydroxyl radicals (OH) in the daytime and by nitrate (NO5) radical chemistry in
the night-time. The reaction of ammonia with nitric acid (HNOj3) and hydrochloric
acid (HCI) is reversible, which leads to formation of ammonium salts:

NH;(g) + HNO;(g)<=NH4NO3(s) (6.1)

NH;(g) + HCI(g) <NH,CI(s) (6.2)

6.5.4 Secondary Organic Aerosol (SOA)

SOA is produced in the atmosphere through oxidation of volatile organic
compounds and consequent partitioning of some oxidation products into the aerosol
phase. The pathways for SOA formation can be gas-phase oxidation, in which VOCs
are oxidized by species such as OH, O3 and NO3 (Seinfeld and Pandis 2016), and/or
aqueous-phase oxidation in which SOA is formed in cloud and fog droplets (Blando
and Turpin 2000). Secondary organic aerosol (SOA) particles originate in the
atmosphere through the mass transfer of low-pressure products given by the oxida-
tion of organic gases to the aerosol phase. Organic and carbonaceous aerosols are
produced by g-to-p conversion of gases released from the biosphere and from
volatile compounds. The organic gases are oxidized in the gas phase by species,
such as ozone (03), nitrate (NO3) and hydroxyl radical (OH), so that such oxidation
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products gradually accumulate. Some of these products having low volatilities
condensed on the available particles in an effort to establish equilibrium amidst
gas- and aerosol-phase particles. The mass transfer flux of these products to the
aerosol phase is directly proportional to the difference amidst their gas-phase
concentration and their concentration in the gas phase at the particle surface. Thus,
there are two separate steps involved in the production of SOAs: (1) the organic
aerosol compound is produced in the gas phase during the reaction of parent organic
gases, with rates closely depending on the gas-phase chemistry of the organic aerosol
precursors, and (2) the organic compound partitions amidst the gas and particulate
phases form SOA, occurring through variable interactions among the various
compounds present in both phases. In the formation of photochemical smog, the
OH radical can initiate a chain reaction, which attacks the hydrocarbon pollutants in
urban air,

CH, + 20, + 2NO — H,0 + 2NO, + HCHO (6.3)
CH3C002 + N02 — CH3C002N02 (64)

The chemical species on the right-hand side of the reaction represented in Eq. 4 is
the vapour of a colourless and dangerously explosive liquid called PAN, an impor-
tant component of photochemical smog and another major eye irritant.

6.6 Removal Pathways
6.6.1 Atmospheric Lifetimes

Atmospheric lifetime of particles depends on their size. The nucleation mode
particles will rather quickly coagulate and hence grow into the accumulation
mode, where no further growth into the coarse mode takes place. The fine particles
from the accumulation mode remain in the air for a number of days and can travel
over thousands of kilometres before they are deposited to surfaces. On the other
hand, coarse mode particles do not remain suspended in the atmosphere for more
than minutes to a few hours. As a consequence, the possible range they can travel is
considerably shorter. The only exception arises during extreme weather events, such
as strong dust storms, when coarse particles of smaller sizes can reach higher
altitudes and be transported over longer distances (EPA 2004).

6.6.2 Dispersion

The local meteorological conditions play a crucial role in the fate of emitted particles
and consequently in the extent of human exposure towards them. Therefore, the
degree of dispersion, or in other words, the concentration of the atmospheric
particles, will strongly depend on wind speed and atmospheric stability. Wind



6 Characterization of Primary and Secondary Airborne Particulates 121

speed and pollutant concentration (includes PM) are correlated reciprocally, i.e. low
wind speeds will result in high pollutant concentrations and vice versa. This
becomes very clear when considering a chimney that emits smoke at a steady rate.
The volume of air into which the smoke is blown will increase with increasing wind
speed. Thus, the pollutant concentration will be directly proportional to the rate of
emission but inversely proportional to the wind speed. It is necessary to consider the
prevailing wind directions as the pollution situation is worse downwind of the
sources. In reality, however, the concentration of pollutants in urban areas usually
does not drop as quickly as predicted by wind speed.

In addition to the direction and velocity of the wind, the vertical mixing of air in
the planetary boundary layer of the troposphere also affects the concentration of the
pollutants. The larger the surface roughness, the stronger the resulting turbulence,
when wind blows across it, and as a result, the larger the vertical mixing of air. The
roughness coefficient signifies the degree of surface roughness, which increases with
an increase in obstacles in the pathway of the wind. Large-scale vertical mixing is
dominated by the stability of the atmosphere, which in turn is largely controlled by
the thermal buoyancy. An air package that is warmed at the ground will rise due to
buoyancy, i.e. the surrounding air is colder and heavier. It will then ascend at a rate
and to a degree given by the stability of the atmosphere. The rate at which it will cool
and expand is called the adiabatic lapse rate, which is about 1 °C over 100 m for dry
air and approximately 0.6 °C/100 m for moist air. This effect occurs because the
pressure in the atmosphere decreases exponentially with height, and as the air cools,
it expands. In the real atmosphere, the lapse rate can be smaller, almost equal to, or
larger than the adiabatic lapse rate. This has consequences on the extent of vertical
mixing.

6.6.3 Deposition

The deposition of suspended particles to surfaces occurs in several possible ways.
Dry deposition describes the process in which the particles eventually settle down as
a result of gravity. Turbulence may also cause particles to hit surfaces and be
deposited. In contrast, wet deposition describes the atmospheric removal of particles
via rain or snow (Harrison et al. 1999; Sonwani and Kulshrestha 2019; Sonwani and
Saxena 2021). During occult deposition, named because it was previously hidden in
measurements that determined the first two types, particles are being removed from
the air via fog, cloud water and mist interception (EPA 2004). The dry deposition
velocity reaches a minimum for particle sizes between 0.1 and 1.0 pm in aerody-
namic diameter. Cloud processes are the predominant removal pathway for accumu-
lation mode particles. Fine particles, in particular those containing a hygroscopic
component, grow with increasing relative humidity into cloud condensation nuclei
and; eventually into cloud droplets. When they have reached sizes larger than
100 pm, they form rain and fall out of the air. Falling raindrops also remove coarse
mode particles by mechanical impact and ultrafine particles via diffusion. The cloud
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processes are, however, much more efficient in removing accumulation mode
particles than falling raindrops (EPA 2004).

6.7 PM Characterization Techniques

The physical and chemical components of PM determine the effect caused by PM on
environmental and public health. This stimulated the interest in investing various
evaluation techniques efficient in determining the shape and particles size distribu-
tion along with the analysis of chemical composition of aerosol particles. Some of
these techniques are discussed below.

6.7.1 Gravimetric Approach

Gravimetric approach is a method for quantitative determination of chemical
substances (Andrews et al. 2000). If the procedure is followed carefully, this
technique provides precise quantitative analysis of chemical compounds present in
the sample. The main disadvantage of this method is the chemical evaluation of
single or limited group of elements only at a time.

6.7.2 Atomic Absorption Spectroscopy

Atomic absorption spectroscopy is the spectroscopic method of measurement, which
characterizes the absorption of radiation and interaction with the sample. This
technique is used to determine the chemical substance of a sample and also to
quantify its amount. This technique is capable for the identification of metals present
in the periodic table but is unable to ascertain shape or size of the particle (Seiler
et al. 1994).

6.7.3 High-Performance Liquid Chromatography (HPLC)

The chemical components can be identified from a mixture with the help of HPLC as
according to polarity (Sikalos et al. 2002). The outcomes are produced in very small
time as it is an automated process. However, the operation of machinery required
well-trained operator. Moreover, it can only be used for chemical characterization.

6.7.4 Gas Chromatography-Mass Spectrometry (GC-MS)

The aspects of both GC and MS are combined in gas chromatography—mass
spectrometry for recognition of chemical components present in sample. The GC
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works on the principle that a mixture separates into individual substances on heating.
Then, MS identifies the separated chemical substances by measuring their mass.

6.7.5 Scanning Electron Microscope (SEM)

SEM with energy-dispersive X-ray (EDX) is ideally suited for the physical and
chemical profiling of particulate matter (Van Malderen et al. 1995). The magnified
images, better resolution and wider range of magnification are provided by SEM
technique as compared to the conventional light microscope by using electrons
(Laskin et al. 2006). The EDX analysis is an integrated feature of SEM. The EDX
plots X-ray frequency for each energy level. These peaks depict highest frequencies
of X-rays at corresponding energy levels. Each peak in a spectrum is unique for an
atom, i.e. each peak represents the single element present in the filter paper. The
concentration of element in the specimen is directly related to the peak in the
spectrum. The different types of SEM/EDX method are discussed below.

6.7.5.1 Manual SEM

In this SEM technique (Heasman and Watt 1989), the filter paper is scanned
manually, and whenever the particle is observed, the particle’s shape and size are
measured by drawing grids across the paper. For chemical characterization, EDX
analysis is used. The main drawback of manual method is high computational time
for analysing a single sample and continuous human intervention.

6.7.5.2 Computer Controlled SEM (CCSEM)

CCSEM is the process of automating the SEM technique for particle analysis
(Mamane et al. 2001). The CCSEM technique carried out an automated analysis
for the particles having fine spatial distribution. The numerous simultaneous
measurements have been performed in an efficient manner for evaluation of individ-
ual particle shape, size and elemental composition. In CCSEM mode, the filter paper
is divided into smaller grids and each grid is scanned automatically. CCSEM
analysis is generally conducted by operating SEM in backscattered electron (BSE)
mode (Lee and Kelly 1980).

6.7.5.3 SEM Integrated with Image Analysing Techniques

The latest technology for identifying and analysing the size of PM is computer
vision-based image processing methods, which is started for particulate matter in the
mid-80s, when custom systems were designed using conventional microscope and
image analysing software written by the user (Mogireddy 2011). The advancement
in this technique speeds up in the mid-90s, with rapidly enhanced computational
power and improved microscopes. This use of modern image analysis systems for
particle characterization has the capability of analysing large number of particles
with size of less than 1 Gm in a matter of minutes. Imaging method integrated with
SEM is a highly efficient and automatic technique for PM characterization (Nazar
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et al. 1996). This method consists of two main steps, image acquisition and image
analysis.

Image acquisition: It is the process of creating digital image from the physical
scene. SEM is used to capture the images of filter paper by dividing the filter paper
into smaller grids. The whole process can be automated by using commercially
available SEM automation software such as smart particle investigator.

Image analysis: It is the process of extracting meaningful information from
images. Image analysing software/techniques are used to analyse the particle images
obtained from the SEM to find size, shape, area, etc., of individual particle present in
filter images.

6.8 Conclusion

The important role played by aerosol in climate change and the detrimental effects of
these airborne particulates on health result in increase in their study in recent years.
Furthermore, these airborne particulates impact many atmospheric processes, includ-
ing rain, fog, precipitation cloud formation and acidification of clouds. Aerosols are
important in atmospheric chemistry, contribute to soiling and corrosion of buildings
and structures, and have adverse impacts on the vegetation and on ecosystems. Most
of the effects are driven by the physical and chemical characteristics of the aerosols,
for example aerosol size, concentration and chemical composition, which varies
from region to region depending on the sources of the aerosols. In order to assess and
lower the impacts of aerosols, any programme aimed at regulating the levels of PM
requires knowledge on sources of particles, size distribution and chemical
composition.
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