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INTRODUCTION




Chapter 1 Introduction

The beginning of 19" century saw the First Industrial Revolution with advancement in
urbanization which lead to an increase in the air pollution (Te Brake 1975). During that time,
many scientific predictions were made regarding the role of some gases in atmosphere
including that of CO, in blocking the infrared radiation and their role in the climate change
due to change in their concentration (Spencer Weart 2015). The early decades of 20" century
saw the World War I & II which further escalated the problem of air pollution. Initially the
focus was mainly on the greenhouse effect of various gases in the atmosphere but gradually,
with the availability of data, focus shifted towards understanding the role of other species
such as tiny particles present in the atmosphere (later called aerosols) and their effects in
governing the atmospheric dynamics. Great pollution episodes like Los Angeles Smog
(Spencer Weart 2015) also propelled scientists to start considering the problem of air
pollution seriously. Air pollution affects not only the human population but the whole
ecosystem directly or indirectly. One of the major implications of air pollution is its adverse
impact on human health. Lelieveld et al. (2015) estimate that air pollution is responsible for
3.3 million premature deaths per year worldwide. Further, the atmospheric constituents
interact with both the incoming (solar) and outgoing (terrestrial) radiation, thereby changing
the radiation budget of the earth’s atmosphere and hence the climate system. Thus, in addition

to health concerns, the air quality also affects the visibility and climate change over a region.
1.1 Air Quality

Air quality can be understood as a measure of the health of the air we breathe. Air quality is
affected by the various kinds of air pollutants that are injected into the atmosphere from both
natural as well as anthropogenic sources. Air pollutants are the substances present in the
atmosphere, which not only has adverse impact on the health of living beings but can cause
either a short or in long term damage to the environment. Air pollutants may be classified

based on their physical state or origin in the following ways:



1.1.1 Gaseous Pollutants and Aerosols

Based on their physical state in the atmosphere, air pollutants may be classified as gaseous i.e.
which are emitted in gas-phase (e.g. CO,, NO,, SO,, CHy4, CO etc.) and aerosols, which are
tiny solid or liquid particles which remain suspended in the air (e.g. soot particles, dust

particles, smoke, fog etc.)
1.1.2 Natural and Anthropogenic pollutants:

Air pollutants may also be classified on the basis of their origin as either natural or
anthropogenic. Natural pollutants may be geogenic or biogenic in nature. Pollutants such as
SO; and volcanic ash from volcanic eruptions, which are emitted from geological sources are
known as geogenic pollutants. Similarly, substances such as isoprene, monoterpenes etc.
which are emitted by vegetation or methane which is emitted due to microbial decomposition
of organic matter — are examples of air pollutants that are termed as biogenic. Anthropogenic
air pollutants are those which are generated as a result of the human activities. Majority of the
air pollutants in the atmosphere are anthropogenic in nature. Examples include emissions of
particulate matter, sulphates, nitrates and carbon monoxide among others, from sources such
as industries, automobiles, thermal power plants (TPPs), agricultural waste burning,

incineration units etc.
1.1.3 Primary and Secondary Pollutants

Air pollutants can further be classified as primary pollutants if they are directly introduced in
the atmosphere from their respective sources, for e.g., carbon monoxide (CO), sulfur dioxide
(SO,), nitrogen oxide (NO), nitrogen dioxide (NO;) and particulate matter besides several
other substances released directly into the atmosphere. In contrast, air pollutants are termed as
secondary pollutants if they are formed in the atmosphere as a result of various chemical
reactions among the primary pollutants and other atmospheric constituents. Most important
examples of secondary pollutants include pollutants such as tropospheric ozone (O3),

Peroxyacyl nitrates (PAN) and sulphur trioxide (SO3).



Different air pollutants may have different effects on the human health. Exposure to NO, for
long duration can cause severe respiratory illnesses especially in children (Hasselblad et al.
1992; Gauderman et al. 2005). SO, can cause irritation of lung tissue among other respiratory
problems. Carbon monoxide rapidly binds with the haemoglobin and forms a compound
Carboxyhaemoglobin (COHb) which reduces the oxygen carrying ability of the blood from
lungs to various parts of the body. Major symptoms of these adverse respiratory effects appear
as cough, throat dryness, discomfort in the chest and headache (McGranahan and Murray
2003). Short term high levels of VOCs exposure cause irritation in eye and upper respiratory

system (Wolkoff et al. 2006).
1.2 Aerosols and their significance

Based on the physical and chemical composition, experts in the various fields call aerosols by
different nomenclature. Various regulatory agencies and meteorologists describe aerosols
based on their size as particulate matter (PM;y or PM, ), toxicologists describes them as
ultrafine, fine or coarse matter and various engineering fields refer to them as nano-particles
whereas climatologists refer to them based on their chemical composition and colour such as
black carbon (BC), sulphates, nitrates etc. (https:/earthobservatory.nasa.gov/

Features/Aerosols/).

Aerosols are solid or liquid particles suspended in the gaseous medium. For example, dust,
smoke, fog, fine droplets of perfume, pollen grains etc. As discussed above, depending upon
their origin, atmospheric aerosols can be both natural and anthropogenic such as wind-blown
dust, volcanic emissions, sea salt sprays, grassland/forest fires, pollen, particles originating
from various anthropogenic combustion processes such as burning of fossil fuels, incineration
plants etc. (Harrison et al 1997; McGranahan and Murray 2003). Aerosols can further be
characterized as Primary and Secondary aerosols. The particles which are directly introduced
in the gas/atmosphere are termed as primary aerosols e.g. particles from construction sites,
vehicular emissions, forest fires, volcanic emissions, sea sprays, re-suspended road dust etc.
Particles formed by the various chemical reactions in the atmosphere such as either by gas to
particle conversion, reactions among same particles or different particles, interactions of gas-
liquid-solid in atmosphere or coagulation are termed as secondary aerosols (Sienfeld and

3



Pandis 2006). On the basis of aerodynamic diameters the PM is further divided in PMy,
(particles having size < 10 um), PM, s (particles having size < 2.5 um) and PM; (particles

having size < 1 pm).
1.2.1 Health effects of aerosols:

Depending upon their sizes and hence deposition, aerosols affect the human health differently.
PM,y is considered to be inhalable as it generally settles into nasal tract and throat only
whereas fine particles of diameter less than 1pg/m’ are considered to be respirable as they
reach the innermost part of the lungs whereas PM; 5 aerosols settle somewhere in-between.
According to WHO (2016) report, exposure to particulate matter increases the risk of acute
respiratory diseases especially in the children under the age of 5 years and chronic respiratory
illness such as asthma, heart diseases, stroke and lung cancer in adults. Yadav et al. (2003)
conducted a study on the health effects of haze episode of 1998 in Brunei Darussalam and
showed increased correlation between PM;, and the number of cases reporting respiratory
diseases such as bronchitis, asthma and other acute respiratory infections at high PM g levels.
However, recent studies show that the finer particulate matter (PM,s) causes a stronger and
more consistent adverse health effects than coarser particles (Apte et al. 2015). It is reported
that PM; s long-term exposure is associated with an increase in the cardiopulmonary mortality
by 6 — 13% per 10 pg/m’ of PM,s (Pope 2002; Beelen 2008; Apte et al. 2015). Chronic
obstructive pulmonary disease (COPD) and lung cancer are diseases associated with PM
pollution (Lelieveld et al. 2015). The PM along with other pollutants such as Sulphur Dioxide
(S0O,), Nitrogen Dioxide (NO;), Carbon Monoxide (CO) and Ozone (O3), particulate matter
(PM) and Lead (Pb) play an important role in defining the air quality of a region. Together
these pollutants are referred to as Criterion Pollutants based on the Clean Air Act of United

States of America (https://www.epa.gov/criteria-air-pollutants/naags-table).

1.2.2 Aerosols and the earth-atmospheric system

Aerosols are not only important for governing the air quality of a region and hence the health
of a general population, but they actively interact with the incoming and outgoing radiations

and influence local, regional and global climate systems either indirectly or directly. Since



aerosols’ optical properties vary greatly with their composition, there is a great deal of
uncertainty about their over-all role in the climate system. One of the important aspects
studied worldwide in this regard is the amount of carbon (elemental or black and organic)
present in the aerosols which greatly affects the radiative interactions of aerosols with both
the shortwave and long wave radiations. Aerosols can scatter/absorb the incoming solar
radiation, depending upon their physico-chemical properties, which is known as the direct
effect. Aerosols tend to reduce the incoming solar radiation by scattering thereby causing a
“cooling effect” whereas a “warming effect” is observed by the absorption of the incoming
radiation by them (Bergstrom et al. 2002). Atmospheric aerosols are a mixture of both the
scattering and absorbing aerosols and their interaction with the radiation play a major role in
the radiation budget of the earth along with the surface and cloud properties. Aerosols are
vital for cloud formation, known as the indirect effect, because a subset of them serves as
cloud condensation nuclei (CCN) and ice nuclei (IN) (Kaufmann et al. 2002). Absorbing
aerosols have the potential to modify cloud properties by heating the air surrounding them
which stabilizes the atmosphere and diminishes the convection and thus the potential for
cloud formation. They also increase the atmospheric temperature, which reduces the relative
humidity, inhibits cloud formation and enhance the evaporation of existing clouds. This is
collectively termed as semi-direct aerosol effect. The net effect is uncertain and highly
dependent on vertical profile of BC. In addition, BC and other absorbing aerosols deposited
on snow or ice surfaces may reduce the surface albedo, leading to reduced reflectance of solar

radiation, and hence a heating effect (Myhre et. al., 2013).

One of the most important reasons of studying the aerosol properties other than health hazards
is their effect on the visibility over a region. Visibility is the measure of how clear the
atmosphere is. The high level of anthropogenic aerosols especially during the winter months
greatly affects the visibility of the region which badly hits the transport sector both (air and

ground), safety of the public, business and tourism (Malm et al. 1994; Singh and Dey, 2012).

Haziness of the sky, as a result of anthropogenic aerosols, further plays an important role in
the solar irradiance attenuation (Ramanathan et al. 2001). Aerosols (e.g. Black carbon and

sulphur dioxide) also play a major in the global “dimming” which is the reduction in the



amount of sunlight reaching the earth’s surface (Streets et al. 2006). Higher the concentration
of the aerosols, higher will be the attenuation of the incoming solar radiation (Streets et al.
2006). Scientists observed dimming through the 1960s-1980s as a result of increasing
anthropogenic aerosols but during the period of 1980s-2000s a global increase in the solar
radiation (or “brightening™) was observed which might be attributed to the reduction in the
aerosols because of stringent regulatory laws in various places around the world (Pinker et al.
2005; Wild et al 2005) which may have widespread effect on various processes in the earth’s
system. As solar radiation is one of the major driving forces of various earth and life
processes, understanding the role of the aerosols interactions with the incoming solar radiation

is very important for various scientific, academic and industrial applications.

Another important aspect of studying the light attenuation processes by aerosols is their effect
on the crop productivity. Aerosols may affect the crop productivity by reducing the amount of
solar radiation (Chameides et al. 1999 ; Cohan et al 2002; Greenwald et al. 2006) but some
cases report that photosynthesis may increase slightly with the decrease in solar radiation as,
in turn, diffuse component of solar radiation will increase. Diffuse radiation can penetrate the
canopy of the trees thereby reaching the deeper parts of vegetation (Pinker et al. 2005). Also,
the deposition of aerosols in soils due to precipitation may change the soil geochemistry and
hence, may affect the vegetation and crops growing in that region (Grantz et al. 2003 ;

Soriano et al. 2012).
1.3 Physical and Chemical Properties of Aerosols

Particle shape, size and chemical composition are three important properties of the aerososl
which significantly affect their interaction with the incident radiation. Aerosol particles are
normally non-spherical or irregular in shape except the water droplets or the hygroscopic
particles which by absorption of the moisture become spherical. However, particles are often
assumed to be spheres for convenience to use the equivalent diameter. Particles formed as
result of attrition are generally non-spherical particles such as dust. Other examples for non-
spherical particles include asbestos fibres and chain-like agglomerates, dust particles etc.
whereas spherical particles include droplets, fly ash particles, inorganic salt particles (crystals)

etc.



The imaging techniques like Scanning Electron Microscopy (SEM) or Transmission Electron
Microscopy (TEM) are some of the most useful and powerful techniques to gain an insight
into the morphological properties of aerosols (Paoletti et al. 1999; Casuccio et al. 2004).
These techniques have been used both nationally and internationally to study the physical and
chemical properties of the PM, 5 aerosols (Tasic et al. 2006; Rodriguez et al. 2009; Pipal et al.
2011; Tiwari et al. 2015). The shape of the particles play a significant role in the light
scattering properties of the aerosols (Buseck et al. 2000) and varies from region to region and
sometimes seasonally as well causing a change in the aerosols optical properties like Single
Scattering Albedo (SSA), Extinction Efficiency (Qex) and Asymmetry parameter (g) (Mishra
et al. 2015).

Since the shape of the particles is highly variable, therefore, in order to measure their size
conventional methods are not used. One of the most widely used methods to estimate aerosol
size is based on measuring the Aerodynamic Diameter (AD). It is defined as the diameter of a
sphere with unit density having the same aerodynamic property as the particle under study
(Reist 1984). Particles of any size and density will have same aerodynamic diameter if their
settling velocity is same. There may be other methods like Martin’s -, Feret’s - and Stokes
diameter. The particle size is defined either by the geometrical considerations or the
aerodynamic property of the aerosols. Size of the atmospheric aerosols is typically in the
range between 0.001-100 um. Depending upon their size, aerosols are further classified into
coarse (AD > 1 pum) and fine (AD<1um) size modes. Fine mode aerosols are further classified

into various size ranges (Janhall et al. 2010) as per the scheme given in the Table 1.1

Table 1.1: Different size categories of aerosols.

Mode Diameter (d) | Examples
Coarse >1 um Dust, seas spray, pollens
Fine <1 pm Soot, NOy, SOy

Accumulation | 100-1000nm | Particles from combustion processes, Secondary aerosols

Ultrafine <100nm Particles from combustion processes, Secondary aerosols
Aitken 10-100nm Particles from combustion processes, Secondary aerosols
Nucleation 1-10nm Particles from combustion processes, Secondary aerosols




Size of the aerosols has a great effect on the lifetime and their physico-chemical properties
making it imperative to understand their size distribution. Out of all the other distributions,
the Power-Law (or Junge) and log-normal size distributions of aerosols are of the utmost
importance in the atmospheric sciences (Sienfeld and Pandis 2006). However, here only the
log-normal distribution is discussed briefly. Log-normal distribution tends to spread out the
smaller size ranges and compress the larger ones (Reist 1984). The log-normal distribution is

defined by the geometric mean diameter (d, or |,) and geometric standard deviation (G,).

The concentration and chemical composition of the aerosols in the air of a region/country is a
major concern for human health and well-being. Various studies have been conducted to
analyze the concentration of the aerosols around the world (Chow et al. 2004, Hueglin et al.
2005; Khan et al. 2010; Yang et al. 2012). The chemical composition of aerosols is strongly
influenced by their formation and post-formation processes as well as the geographical
location. The fine mode aerosols are often rich in toxic metals like Cu, Zn, Ni, Pb, As etc. and
are anthropogenic in nature (Hueglin et al. 2005, Hays et al. 2011; Patil et al. 2013). Large
particles (AD > 2.5 um) come from mineral ores constituting mineral dust and from desert
regions such as Thar Desert in India, African Saharan Desert or China (Pandithurai et al.

2008).

The aerosols can be further classified into the carbonaceous and non-carbonaceous aerosols.
The non-carbonaceous aerosols include inorganic pollutants such as ammonium ion, sulphates
(SO,), nitrates (NO,), aluminosilicates from mineral dust (K™ or Al") etc. from both the
natural and anthropogenic sources. According to Sienfeld and Pandis (2006), the
carbonaceous aerosols include the organic matter (OM) and elemental (EC) or black carbon
(BC). However, there is still no universal definition of EC and BC even after an extensive
research in the field of aerosols and soot. The differences between EC and BC have been
made on the basis of thermal and optical measurement techniques. Even though in some cases
these techniques largely agree with each other but mostly a deviation of 100% or more in

results has been found (Poschl 2005).

OM is generally given as the factor (a) multiplied by organic carbon (OC). The OM is a
complex mixture of many compounds, like volatile organic carbons (VOCs), water soluble
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organic carbons (WSOCs), polycyclic aromatic hydrocarbons (PAHs) etc., as it can be either
directly emitted from the emission sources or produced from chemical reactions among
various constituents of the atmosphere. These complex compounds pose a serious health
threat which makes it highly important to study the organic matter. However, elemental
carbon is primary in nature as it is produced by the combustion sources only. The EC or BC
has a graphite-like structure (Castro et al. 1999). Also, the graphitic carbon particles are the
most abundant light-absorbing aerosol species in the atmosphere. Primary BC and OC

containing aerosols are generally smaller than 1 micrometer (Myhre et al. 2013).
1.4 Urban and Rural Differences

The concentration of the pollutants in the rural areas is expected to be lower than that
observed in the urban areas as the number of pollution sources are less than those present in
the urban areas. The particles shape and size, however, may differ on the basis of their
formation in the rural areas. The sources in the rural areas generally include the wind-blown
dust, seasonal biomass burning, automobiles emissions, woods and coal usage for cooking
purposes, the transport of pollutants by air, smoke from brick kilns situated in the agricultural
fields at some places etc. Whereas urban areas are dominated by the numerous anthropogenic
sources, which generally lies in the fine mode fractions, such as emissions from vehicles,
industries, thermal power plants, waste burning plants, wind-blown/re-suspended roadside

dust etc. all the year round.

The increasing pollution has a tremendous effect on the air quality and in the long run may
affect the climate of a region as well as is discussed above. However, various studies on the
air pollutants including particulate matter have been conducted worldwide but they have
mostly focused on the indoor air pollution in urban and rural areas (Chengappa et al. 2007;
Colbeck et al. 2010; Joon et al. 2011; Mukhopadhyaya et al. 2012). Few studies have reported
on the health effects of the PM in the rural areas (Lelieveld et al. 2015; Kumar et al. 2014).
Even though various studies have been carried out over the urban and rural regions
throughout the world they have mostly focused on the chemical composition of the aerosols
such as Castro et al. 1999; Putaud et al. 2004 &2010; Liu et al. 2005; Viana et al. 2008;
Aldabe et al. 2011; Pachauri et al. 2013; Shubhankar and Ambade 2016 to name a few.
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However, the effects of aerosols on the solar irradiance at the urban and rural surroundings
have not been studied as extensively. A few studies such as those by Elminir et al. 2007;
Codato et al. 2008 have reported the urban-rural variation of solar irradiance due to PM. As
the distinction between the urban and rural areas especially in the developing world is fast

diminishing, the change in the micro-climatology of the region will also be evident.
1.5 Aerosols —Solar radiation Interaction

The interaction of the aerosols with the incident solar radiation is studied with the help of
various parameters such as the aerosol optical depth (AOD), Single Scattering Albedo (SSA),
Angstrom Exponent (AE). These are called the optical properties of aerosols. AOD is the
measurement of radiation extinction by aerosols. It gives a value of how much solar radiation
gets attenuated before reaching the ground surface and is a dimensionless quantity measured

by the vertical column of aerosol load in atmosphere.

Wavelength dependence of aerosol optical depth is given by (Liou 2002),

D (L)
A0 A0
Where 1) is the optical thickness at wavelength A, 1y is the optical thickness at the wavelength

Mo and a is Angstrom exponent.

Angstrom Exponent (AE or a) is related with the size distribution of the aerosols and is
related with the wavelenth and AOD by the above formula (equation 5). Smaller the particle

size, larger will be the exponent. In general, if according to Gadhavi and Jayaraman, 2010:

AE<1lorAE=0 (Coarse mode particles)
AE>1 (Fine mode particles)

For coarse mode particles, a could be around 0 as well. For small spherical particles coming

from single sources like soot, a could be 1.

Single Scattering Albedo (SSA): It is the ratio of the scattering efficiency by the particles to

the total extinction upon impingement of radiation (Igbal 1980). If the ratio is unity then it
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implies that total extinction is solely due to scattering by the aerosols but if the ratio is zero

then extinction is due to the absorption processes.

Surface Albedo is defined as the ratio of the amount of the incident to radiant energy reflected
back or scattered by the aerosols. It is a dimensionless quantity, usually representing the

amount of light reflected from the earth into the space.

The amount of the sunlight reaching the surface of the earth depends upon various factors
such as latitude, solar zenith angle and seasons. The incoming solar radiation/insolation is
further divided in Global, Direct and Diffuse components. According to Igbal (1980), Global
radiation refers to the total of diffuse, direct and reflected radiation. Direct radiation or
“beam” radiation is the measured radiation which is directly coming from the solar disk by
blocking all the other radiations. Direct beam travels in straight line path. Diffuse radiation, is
the radiation that reaches the surface of the earth after being scattered by the atmospheric
constituents such as gases, molecules and aerosols. Diffuse radiation has no specific direction.

It travels in all the directions after scattering.

The major purpose of studying the aerosols properties both physical and chemical is the kind
of “forcing” they introduce at the surface, top of the atmosphere (TOA) and in the
atmosphere. Among other processes, the interaction of the aerosols with the radiation, both
incoming and outgoing, is of utmost importance as it governs the amount of heat
added/removed by the aerosols from the atmosphere. This removal/addition of the heat from
the atmosphere plays a profound role in governing the weather patterns and hence the
climatology of a region (Xu 2001; Meehl et al. 2007). Radiative forcing, in general, is the
radiative effects as a consequence of the increasing concentrations of the atmospheric
pollutants - greenhouse gases or aerosols (Kaufmann et al. 2002). RF basically gives the net
change in the incoming solar and outgoing thermal energy absorbed as well as emitted by the

earth’s system and hence is vital for the climate change.
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1.6 Literature Review

The quality of air gets affected by aerosols, from various sources, either directly or indirectly
via chemical reactions that form secondary pollutants. Aerosols produced as a result of the
anthropogenic activities are estimated to contribute significantly to the climate change in the
future (Chung et. al. 2002). Extensive studies have been carried out on monitoring, source
apportionment and characterization (Chow et al. 2004; Putaud et al. 2004 & 2010; Hueglin et
al. 2005; Liu et al. 2005; Larson et al. 2012; Li et al. 2014) of the aerosols with a view to
study their likely impact on the air quality of a region and human health (Balakrishanan et al.
2002; Slezakova et al. 2011; Lelieveld et al. 2015; Apte et al. 2015). However, in recent
times, the radiative properties of the aerosols and their role in visibility and climate change
(both regional and global) have attracted a great deal of attention of the scientific community
(DeLuisi et al. 1976; Malm et al.1994; Jacobson 2001; Meloni et al. 2005; Sarangi et al.
2016). Brief details of the research carried out at both international and national levels are

given below:
1.6.1 International

Bergstrom (1967) discussed the effects of size distribution and chemical composition on the
spectral absorption and extinction coefficients of aerosols mixture containing variable mixture
of non-absorbing (quartz), absorbing (carbon) and metallic particles (Nickel). Their study
report that for a given aerosol load and size distribution, the influence of chemical
composition on the extinction coefficient varies with the part of solar spectrum under study. It
was observed that carbon particles produce wavelength independent spectral absorption
coefficient whereas metallic particles have negligible influence owing to their low
concentrations in urban atmospheres. They also report that absorption coefficient decreases

with wavelength on account of constant refractive index.

Quenzel (1970) determined the extinction coefficient in a vertical atmospheric column using
solar irradiance measurements as well as size distributions using Mie calculations over

Atlantic Ocean. The study reported the finding of a log-normal distribution (which
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superimposed the power-law distribution) with maximum concentration of particles around

0.4pm radius.

Unsworth and Monteith (1972) measured the solar radiation (total and diffuse fluxes) in
Sutton Bonington (English Midlands) and Scotland using a pyrheliometer. They calculated
the aerosols attenuation coefficient (t,) for maritime (t, = 0.05 — 0.15) and continental (t, =0.1

— 0.5) air. They reported a decrease in the 1, for tropical maritime air from sea level to a

height of 1340m.

DeLuisi et al. (1976) studied various optical properties of the aerosols in 11 field experiments
involving surface based and aircraft measurements in Blythe California (desert) and Big
Spring, Texas (agricultural land). They measured vertical distributions of aerosol
concentrations, size distributions, optical depths and radiation fluxes to determine the
radiation absorption and refractive indices. Aerosol concentration was found to be variable
indicating the transport of aerosols in both the vertical and horizontal directions. A
satisfactory agreement was observed between the spectral extinction and transmission
measurements of direct solar beam measurements. From the measured aerosol properties, they
concluded that mean aerosol size distribution in their study can be represented by Junge

distribution with slope = 2.

Tanre et al. (1988) attempted to validate the satellite data using the derived optical properties
of the desert aerosols from ground based solar radiation measurements for the period of April
to May 1986 at Senegal. The study observed the dependence of aerosol characteristics on the
background and dust storms conditions of the dust. The aerosol optical depth was observed to
be highly variable and strong enough to be measured by satellites for the monitoring of desert
aerosols. They also observed that a persistent desert background component may have an

effect on solar radiation budget.

Nakajima et al. (1986) carried out measurements for the direct and diffuse solar radiations as
well as aerosols over Sendai, Japan using various instruments. They concluded that the
bimodal volume spectra of aerosols to be the best to describe the observed data. They found

that the three estimated refractive indices were consistent with each other and suggested that
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inversion-library method may give better results for determining the aerosol refractive index.
They also calculated absorption index using the diffuse to global ratio. Their study found
higher absorption index at the study area which was attributed to the presence of high

elemental carbon in the atmosphere.

Lam et al. (1996) studied the global, direct and diffuse components of the solar radiance at
City University, Hongkong for the period of 1991-1994. They reviewed the correlation of
clearness index (K;) with the diffuse coefficient (Ky), the diffuse fraction (K), and the direct
normal (Igy). They also proposed a hybrid model for calculating the diffuse and direct solar
radiances from measured global solar radiances. Their model was reported to perform better
than other existing models. Their study signifies that missing data of diffuse and direct solar

radiations can be generated using their technique.

Meywerk and Ramanathan (1999) measured the spectral global and direct solar irradiance
over the Indian Ocean in the months of February and March, 1998. They reported a decrease
in optical depth (500 nm) from northern Arabian Sea to south of the Intertropical
Convergence Zone. They also observed a remarkable shift in the wavelength of maximum

intensity (~460 nm to 580 nm) in the direct component of the irradiance.

Roderick (1999) used the daily and monthly global and diffuse radiation measured over
Australia and Antarctica for the period 1975-1991 to calculate correlations between diffuse
fraction (Ry¢/R;) and clearness index (Ry/R,) where R, is the extra-terrestrial solar irradiance.
Daily irradiance data and a derived set of parameters were found to be in good correlation
(typical R?=0.90). They also developed an empirical model to estimate the monthly average

daily diffuse radiation.

Jacobson (2001) studied the forcing due to black carbon (BC) by simulating various chemical
compositions of aerosols. The study reported that the mixing state and direct forcing due to
the black carbon approaches that of the internally mixed BC on account of coagulation and
coatings of other aerosols implying a higher positive forcing (warming) by BC which may

balance the cooling by other constituents of anthropogenic aerosols. He also reported that the
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radiative forcing due to the BC exceeds that due to methane (CH4) in magnitude and that BC

may be the second most global warming component after CO,.

Chow et al. (2004) carried out observations for PM; s and PM, to identify and chemically
characterize various sources in Texas and northern Mexico during the period of July 1999 to
October 1999. They reported a high elemental concentration of Ca, Se and Antimony in
geological dust, coal-based power stations and oil refinery catalytic cracker emissions
respectively during this period. The study also reported that the thermally evolved fractions of

organic and elemental carbon varied with the combustion sources.

Hueglin et. al. (2005) chemically characterised PM; s, PM o and the coarse PM particles from
urban, rural and kerbside in Switzerland during a time period from April 1998 to March 1999.
Their study focused on variation of elemental concentration among different types of sites.
Their study reported that the road traffic was the major contributor of trace elements like Ba,
Ca, Cu, Fe, Mo, Mn, Pb etc. whereas long range transport accounted for Al, As, Cd, K etc. at

these sites.

Meloni et al. (2005) calculated radiative forcing (RF) using radiative transfer model of
Saharan dust at a Mediterranean site. Their study examined the dependence of RF on solar
zenith angle, single scattering albedo and aerosol absorption. They concluded that the aerosol
radiative forcing was weakly dependent on vertical profile of aerosol, whereas a strong

dependence for absorbing particles is observed at the top of atmosphere (TOA).

Tasic et al. (2006) tried to identify the sources of PM;, and PM,s based on their physico-
chemical properties (shape, size, morphology and chemical composition) in Belgrade for the
period of 2002-2004 using Scanning Electron Microscopy (SEM) and Energy Dispersive X-
Rays (EDX). Morhological and chemical anlysis identified the soil and road dust, emissions
from traffic, and fossil fuel combustion as the major sources of particulate matter at the study

site.

Kaskaoutis et al. (2007) investigated the effect of atmospheric turbidity and solar zenith angle
(SZA) on the diffuse-to-direct-beam ratio (Eg/Ep) under different atmospheric turbidity

conditions (same SZA) and different SZAs (same atmospheric turbidity) at Athens in
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September 2002 using a spectroradiometer. A rapid exponential decrease of the diffuse-to-
direct-beam ratio with wavelength (de/beza?u'b) was reported. The spectral dependence of
the Eq/Ep, revealed a significant departure from the linearity and single scattering albedo,
size distribution and SZA were found to be responsible for this departure. The Eg/Ep, ratio

was found to exhibit a strong wavelength and aerosol-loading dependence.

Duan et al. (2007) studied the carbonaceous content (EC and OC) of PM, 5 at Guangzhou and
Hong Kong in PRDR, China. They reported the highest OC and EC concentrations in urban
Guangzhou followed by urban Hong Kong and Hong Kong background site. Contribution of
TCA to PM, s was reported highest in urban Hong Kong (43-57%) than urban Guangzhou
(32-35%) suggesting the dominance of transportation sources in Hong Kong and industrial

sources in Guangzhou.

Husain et al. (2007) measured concentrations of BC and EC from 22 November 2005 -31
January 2006 at Lahore, Pakistan, by an Aethalometer and thermal optical method. The city
was reportedly heavily polluted with fine PM. About 69% of the PM,s mass came from
carbonaceous aerosols. A high correlation (r2 = 0.71) between BC and EC concentration was

found.

Meng et al. (2007) examined the PM,s and carbonaceous species in Taiyuan, China. This
study showed high level of PM; s and its carbonaceous species in winter indicating the coal
combustion as a major OC and EC source. They reported strong positive correlations between
PM,; s and OC, OC/EC ratio and relative humidity and negative correlations in winter between

PM, s and OC, OC/ EC ratio, wind speed and precipitation.

Alpert and Kishcha (2008) studied solar dimming effect using the Gridded Population of the
World version 3 (GPWv3) database of population density as a proxy for anthropogenic
activities. They found that solar radiation received by the urban areas was less as compared to

the rural areas.

Campa et al. (2009) carried out the carbonaceous and chemical characterization studies for
particulate matter (PM,o, PM,5) at an urban and rural area in SW Spain during June 2005 and

June 2006. The mean OC concentration was reported to be higher in the urban region
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compared to the rural due to local emissions (e.g. traffic). The rural site reported a total of
82% of TC as OC whereas the urban background station revealed 70% and 73% of TC in the

PM,y and PM; 5 mass, respectively.

Feng et al. (2009) investigated seasonal characteristics of PM; s and carbonaceous species at
two sites at Shanghai, China. Annually, average PM; s concentration at these sites indicated a
severe pollution threat whereas seasonally, the highest average levels of PM,s and
carbonaceous content were observed during fall were higher by a factor of 2 than in summer.
They reported a strong OC and EC correlation (r = 0.79 — 0.93) suggesting the contributions

from common sources and similar atmospheric process taking place during each season.

Kaskaoutis et al. (2009) investigated the clear sky daily variation of the solar radiation
components (diffuse, global and direct-beam) in addition to their ratios (diffuse-to-global,
DGR, and diffuse-to-direct-beam, DDR) under different atmospheric conditions. They also
discussed the significant effect of solar zenith angle (SZA) on both the ratios at the shorter
wavelengths. They reported that only DDR can be used as a measurement technique to

calculate atmospheric turbidity at longer wavelengths.

Safaripour et al. (2011) compared the measured data for the average monthly global and
diffuse irradiation with the results from the existing linear models using seven relevant
parameters in Kerman, Iran. The measured results were in agreement with the model results

and could be used to predict irradiation data in various parts of Iran.

Blackburn and Vignola (2012) measured the global horizontal and diffuse irradiance solar
spectral irradiance for solar zenith angles of 53.5° to 86.3° during the months of January,
February, and March in Eugene, Oregon between 31 January 2012 and 8 March 2012. They
compared the measurements of a spectroradiometer and a pyranometer for clear and cloudy
days. They observed similarity in spectral distribution for global horizontal irradiance for both
clear and cloudy days and concluded that diffuse horizontal component was majorly affected

during the said periods.

Yin et al. (2012) studied the seasonal variation in PM, s concentration and its chemical

composition (Organic carbon (OC), Elemental carbon (EC), water soluble inorganic ions
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(WSIIs), and various elements) during the haze period in Yong’an, China from 2007 to 2008.
No significant seasonal variation in the PM2.5 mass concentration was observed. Presence of
crustal elements during spring and secondary inorganic ions during the autumn and winter
seasons in PM2.5 indicated the dominance of dust in spring and anthropogenic emission

sources (coal combustion and vehicles) during autumn and winter seasons.

Huang et al. (2013) observed the local aerosol properties affected by regionally transported
pollutants in urban Shanghai for three days in October 2011. The sampling period was
divided into three periods. Period 1 reported fresh aerosols and negative variation of SSA
with elemental carbon indicating the dominance of local sources. Period 2 was characterized
by the aged aerosols, high amount of secondary ions (nitrate, sulphate and ammonium), the
highest loading of PM mass and lowest acidity of particles. Period 3 reported an event of new
particle formation and low PM1/PM10 ratio. They also studied the effect of pollutants on the
aerosol optical properties and found that particle mixing state greatly influences the extinction

efficiency of particulate matter.

Bilbao et al. (2014) studied interactions of the global, diffuse, direct and erythemal ultraviolet
(UVER) solar irradiance as function of solar zenith angle (SZA) with atmospheric
constituents such as ozone, scattering by gases, and aerosols in Malta, Mediterranean sea from
May to October 2012. Ozone and Rayleigh scattering were found to be the main factors
affecting the behavior of UVER variations with SZA. However, aerosols were reported to be

the dominant factors affecting the global and diffuse irradiance.

Li et al. (2014) determined the effect of residual biomass burning to PM, s in the harvesting
period of June 2013 in eastern China using a positive matrix factorization model. They
reported the average concentrations of PM, s and its constituents (organics, EC, K and CI).
The sampling period was studied in the pre-local burning phase (Phase 1), the local-burning
phase (Phase 2) and the post-local-burning phase (Phase 3). Phase 2 reported a very high
concentration of PM, s and its constituents than those in Phases 1 and 3 resulting in severe

health concerns.
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Gharibzadeh et al. (2017) studied the raditive effects and various aerosol optical properties
during two dust storm events in the year 2013 using ground based Aerosol RObotic NETwork
(AERONET) over Zanjan, Iran. They observed the dominance of coarse mode particles
during the study period. They also simulated the solar irradiance during the study period using
Santa Barbara DISORT Atmospheric radiative Transfer (SBDART) model over the surface,
TOA, and in the atmosphere and observed the cooling effect due to dust particles at the
earth’s surface. A good correlation between the AERONET and SBDART results was

observed.
1.6.2 National

The deteriorating air quality in megacities and surrounding rural areas has become a matter of
concern in India. Because of their impact on human health and regional climate, monitoring
of aerosols and their properties have drawn the attention of a large number of workers in the

Indian context.

Srivastava and Jain (2007) used the chemical mass balance receptor model to study the coarse
and fine particle sources in Delhi in different seasons in the year 2001. It was found that in
fine mode particulates, vehicular emissions were the dominant source whereas, in coarse
mode, other than site specific sources, contribution came largely from vehicular emissions,

soil and crustal dust.

Badarinath et al. (2009) compared the urban and rural black carbon (BC) aerosol mass
concentration in Hyderabad and Anantapur India for August 2006. The study period
corresponds to the monsoon season over the Indian region. Higher BC mass concentrations

were found over Hyderabad compared to those over Anantapur.

Behera et al. (2010) found that crustal matter, chloride, ammonium, sulfate, nitrate, organic
matter and EC accounted for 64-85% of the PM, s mass in Kanpur city of India. Organic
matter and sulfate were found to be major PM, s components in the city. The sequence for
percentage of contribution of these components to PM, s mass was: organic matter > sulfate >

crustal matter > nitrate > ammonium > EC > chloride.
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Ram et al. (2010) studied elemental carbon (EC), organic carbon (OC) and water-soluble
organic carbon (WSOC) over urban, rural and high altitude areas in northern India during
winter time (2004-2008). The OC/EC ratios over urban areas were found to be much higher
than the rural areas and significantly lower abundances of EC and OC in the higher latitudes.
However, WSOC/OC ratios were found to be constant over urban areas and higher at high

altitude areas signifying the presence of secondary organic aerosols.

Sahu et al. (2011) developed an Emission Inventory (EI) for PM;y and PM; s as part of the
System of Air quality Forecasting and Research (SAFAR) project developed for air quality
forecasting during the Delhi Commonwealth Games (CWG) - 2010. For this study, transport,
thermal power plants, industrial, residential and commercial cooking in addition to
windblown road dust was considered as major sources of pollution. The PM;y emission

reported a major contribution from windblown dust from both paved and unpaved roads.

Srimuruganandam and Nagendra (2012) examined PM; s and PM;, emission sources at urban
roadside in the city of Chennai, India during winter, summer and monsoon seasons over a
period from November 2008 to April 2009. They reported higher concentrations of ambient
PM,s and PM;, in winter and monsoon seasons as compared to those in summer. They
applied Positive matrix factorization (PMF) to estimate the sources and their contribution in
the concentrations of particulate matter. Study reported that major contribution to the PM10
and PM2.5 concentrations came from sources like marine aerosol, secondary particulate

matter, biomass burning and other sources.

Tiwari et al. (2012) conducted simultaneous measurement for the organic carbon (OC) and
elemental carbon (EC) and continuous measurements of black carbon (BC) and PM;s
aerosols in the winter season in the year 2010-2011 at Delhi. They reported that total
carbonaceous aerosol mass contributed ~46 % to PM; s mass. Also, the average OC/EC ratio

(5 £ 2) suggested the presence of SOAs in Delhi’s atmosphere.

Kaushar et al. (2013) studied the measurements of coarse and fine particles across the nine
monitoring sites under SAFAR program during the CWG-2010 in Delhi. It was found that

during the Commonwealth Games, due to pollution control policies implemented in and
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around the city of Delhi, the level of coarse (PM;¢—5) and fine (PM;s) particles plunged to
those close by or even below their NAAQ standards. The pollution reduction measures for the
Delhi’s CWG-2010 (well before the Games) and washout of air pollutants by monsoonal rain
till end of the September, 2010 were effective in reducing atmospheric concentrations of both

coarser and fine particles.

Pachauri et al. (2013) characterized PM; s and carbonaceous aerosols in Agra during Nov
2010 to Feb 2011. The average mass concentrations of TCA were observed to be greater at
traffic sites followed by rural and campus site. SEM/EDX results indicated branched chain-
like aggregates of carbon bearing spheres at the traffic and rural sites, while at the campus site

carbon-rich and minerogenic (mineral dust) particles were the dominant ones.

Tiwari et al. (2013) for a year studied the BC and PM,s at Delhi for daily, monthly and
seasonal temporal scales and the meteorological influence on the concentrations of PM; 5. The
lower and higher PM, s concentration was reported respectively during monsoon and post-
monsoon. Correlation analysis between BC and meteorological parameters (wind speed (WS),
rainfall, and visibility) showed a negative correlation of BC with WS and visibility during the

entire duration of study.

Pipal et al. (2014) studied the 24 hourly diurnal variation of EC and OC of PM,; 5 using the
semi-continuous carbon analyser at Agra, UP during winter (2011-2012). They reported the
high concentrations of EC and OC during daytime. The vehicular activities, biomass and
fossil fuel combustion were attributed to the high concentration of PM; s and the carbonaceous
aerosols at the site. A very strong correlation between OC, EC and PM; 5 (r = 0.83-0.97) was

observed for 24-h samples.

Srivastava et al. (2014) investigated the major aerosol types to understand their different
characteristics over an urban station at Delhi during 2009 using a ground-based automatic
sun/sky radiometer. They reported four categories of aerosol such as polluted dust (PD),
polluted continent (PC), mostly black carbon (MBC) and mostly organic carbon (MOC),
contributing nearly ~48%, 32%, 11% and 9%, respectively to the total aerosols. The highest

and lowest atmospheric forcing was observed for PC and MBC aerosol types respectively.
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Yadav et al. (2014) revealed a significant increasing trend (upto 37%) in the concentration of
particulate matter in the city of Udaipur during a period of 2010 to 2012. Their study showed
highly significant impact of rainfall for PM( while, it is found to be less significant for PM s.
The impact was found to be significant during winter when the inversion layer is found to be

low.

Pant et al. (2015) characterized ambient PM; 5 samples collected at a high traffic location in
the city of New Delhi, India during summer and winter 2013. Higher concentrations were
found in winter when it surpassed the Indian PM; s air quality standards on various occasions
as compared to those in summer. Crustal material was found as the major component
contributing during the summer, while wood burning, nitrates and chlorides were found as

important contributors in the winter.

Singh et al. (2015) studied the effect of anthropogenic emissions and open biomass burning
on carbonaceous aerosols in an urban (NPL, Delhi) and rural (Nurpur, Haryana) environment
during June 2012-May 2013. OC and EC values were observed to increase from monsoon to
winter season respectively. The month of November reported very high values of OC and EC
as a consequence of post-harvesting agricultural residue burning. Vehicular emission
accounted for OC/EC ratios in range (1—4) at the urban site whereas at the rural site (OC/EC
> 4), residential wood smoke and biomass residue burning were found to be major emission

sources.

Singh et al. (2015) studied the variability of aerosols characteristics over Patiala, India from
December 2011 to November 2013. They observed the highest concentration of PM;, during
summer of 2012, and those of PM;,s and PM; during autumn of 2013. The particle size
distribution was found to be skewed towards particles with size < 1.00 um. AODs, was
observed to be highest during summer of 2012 and autumn of 2013 whereas minimum in
spring of 2013, further reflecting the different effects of aerosols on climate during different
seasons. They observed that the concentration of PM; affected the AODsy more compared to

PM2_5 and PMlo.
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Rastogi et al. (2016) examined temporal variability of primary and secondary aerosols over
northern India during a period from October 2011 to September 2012. Their results showed
that PM2.5 mass concentration varied in a range from ~20 to 400 ug/m3. Further, their study
showed dominance of biomass burning emissions over this region where the average OC/EC
varied in a range from 3.2 to 12 and K+/EC ratio ranged from 0.26 to 0.80. Their study also

revealed that contribution of secondary inorganic matter was maximum (~40%) in winter.

Tiwari et al. (2016) analyzed significant cooling effect on the surface due to soot particles in
Guwabhati, India during a period from 1st July 2013 to 30th June 2014. They reported daily
concentrations of BC to be lying in the range from 2.86 to 11.56 ug/m’ while, CO varied from
0.19 to 1.20ppm during this period. The concentration of BC and OC were found to be higher

in dry period (October to March) as compared to those in wet months i.e. April to September.

The uncerainty in the role played by the aerosols has led to a number of studies that have
focused their attention on the optical properties of aerosols and the estimation of radiative
forcing caused by them at the regional scale in India, but majority of them are focussed on the
urban areas only (Choudhary 1967; Bhattacharya et al. 1996; Singh et al. 2005; Tripathi et al.
2005; Badrinath et al. 2009). Though studies regarding the air pollution and their effect on
solar radiation has been going on for quite some time in India but it has only recently gained
momentum and importance especially in regard of air quality and climate change studies. A

few studies in this respect have been discussed briefly below:

Latha and Badarinath (2005) investigated seasonal variation of aerosol optical properties over
the urban area of Hyderabad by using sun-photometer at different wavelength. They proved
that aerosol optical depth value gradually increases during dry season and falls down in

monsoon s€ason.

Singh et al. (2005) studied aerosols characteristics and their effects on surface radiation
forcing over city of Delhi, India during pre-monsoon period i.e. April to June 2003. Their
results found small value (~ 0.328) of average Angstrom parameter due to high concentration
of total suspended particulate matter which further become negative (~ 0.06) because of high

dust content during this period.
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Tripathi et al. (2005) measured aerosol black carbon over Kanpur during December 2004.
Their study reported the highest BC concentration especially during morning hours and daily
average BC concentration to be between 6— 20 pg/m’. They reported a decrease in short wave
radiation reaching the earth’s surface over North India and TOA due to black carbon. They
also estimated the forcing due to BC over northern India as 62 W/m” and at the TOA reflected

radiation to be 9 W/m®.

Simultaneous measurements were conducted using the semi-continuous thermo-optical EC-
OC analyzer (for EC & OC), and Aethalometer (for BC) by Srivastava et al. (2014) at Delhi
for the duration of January 2011 to May 2012. They reported that OC, EC and BC
concentrations were ~ 2 times higher in winter compared to summer. A high correlation
between OC and EC indicated the common emission sources. The fossil fuel emissions were
suggested as a major source of lower OC/EC ratio (range 1.0-3.6, mean 2.2+0.5) over the
concerned site. On average, mass concentration of EC was found to be higher than BC by ~
38 % in the duration of study. The significant correlation between measured absorption co-
efficient (b,s) with EC, suggested EC is a major absorbing species in ambient aerosols at

Delhi.

Singh et al. (2015) studied the variability of aerosols characteristics over Patiala, India from
December 2011 to November 2013. They observed the highest concentration of PM;o during
summer of 2012, and those of PM,s and PM; during autumn of 2013. The particle size
distribution was found to be skewed towards particles with size < 1.00 pm. AODs, was
observed to be highest during summer of 2012 and autumn of 2013 whereas minimum in
spring of 2013. They observed that the concentration of PM; affected the AODsy more

compared to PM, s and PM;.

Tyagi et al. (2017) studied the impact of BC and PM; 5 on the planetary boundary layer (PBL)
and solar fluxes over the National capital region (NCR) of Delhi during the winter months of
2014. They observed high concentration of BC and PM,; s during the months of December and
January of the study duration. High BC concentrations during morning and evening hours
were attributed to peak traffic time. Daily solar fluxes were also observed and were found to
be negatively correlated with the BC in the fog events. Reduced ventilation Coefficient (VC)
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from “fog” to “no-fog” indicated the high level of pollution in the NCR. The observed mean
aerosol optical depth (AODsyp nm) was found to be highest in the foggy episodes in
agreement with BC and PM, s concentrations. The study reported the dominance of fine mode

aerosols during the study period.

In the context of aerosol — radiation interaction, most studies in India (as mentioned above)
have focused on the estimation of radiative forcing of aerosols on local or regional scale using
radiative transfer models. However, very few studies in India till date, have examined the role
of aerosols in the attenuation/dimming of solar radiation reaching the surface of earth utilizing
the field based observational data on surface solar spectral irradiance. Padma Kumari et al.
(2007) evaluated monthly mean solar radiation over 12 stations distributed over the Indian
region and reported decline in solar radiation at all the stations. Badrinath et al (2010) studied
the solar dimming over Hyderabad and reported that anthropogenic aerosols and cloud effect
contributed considerably to the reduction in the solar radiation over the study site. in a

comprehensive study over Hyderabad.

1.7 Objectives

1. To measure the concentration, shape and size of aerosols (PM,s) and their EC & OC

content in urban and rural aerosols in Delhi-NCR.
2. To monitor the solar insolation over Delhi and rural area outside Delhi.

3. To study the relationship between urban-rural aerosol characteristics and solar insolation in

Delhi-NCR region.
1.8 Significance of the study

The present study attempts to investigate the urban-rural relationship of aerosol characteristics
with the solar insolation over Delhi and rural area outside Delhi. This is important as this
information will provide insight into the role of aerosols in the local and regional climate over

Delhi-NCR region.
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CHAPTER - 11

METHODOLOGY




Chapter 2 Methodology

In the present study, measurement of solar spectral irradiance along with PM; s sampling were
conducted at a typical urban site (Shahdara) and a rural site (Sampla) situated in north west of
Delhi in the National Capital Region, at a distance of approximately 66 km from the urban
site in Delhi. The two sites i.e. urban and rural were chosen for a comparative study to
evaluate the impact of particulate matter in the ambient atmosphere on the solar spectral

irradiance reaching the surface of earth.
2.1 Study Area

Shahdara, Delhi (28.68°N, 77.29°E) is one of the oldest and highly urbanized areas in the
eastern part of Delhi, consisting of both the residential as well as industrial establishments
around it. The sampling site is located near the main Loni Road which is a major arterial road
connecting Delhi and Saharanpur, (Uttar Pradesh). It is one of the busiest roads experiencing
heavy traffic 24 hours of the day. Loni Road comprises of many shops such as of utilities,
local eateries (dhabhas), printing presses, mechanics shops or motor repairing workshops and
businesses mainly of plywood and timber. The Shahdara Railway Station and Metro Station

are located around two kilometers from the sampling site.

Sampla (28.77°N, 76.76°E) is situated in the Rohtak district of Haryana and is surrounded
mainly by the vast agricultural fields and village settlements in its neighbourhood on all sides.
A few factory establishments and one or two brick kilns are situated approximately 10 kms
away from the sampling site. The national highway (NH-9) and Sampla railway station are
located approx. 1-1.5 kms away from the sampling site. Bahadurgarh, Rohtak, Sonepat and
Jhajjar are some of the prominent towns/cities of Haryana that are located within a distance of

20 - 40kms away Sampla.

The two sites fall in a semi arid climate zone experiencing different seasons during the course
of a year namely, Summer (April-June), Monsoon (July-August), Post-Monsoon (September-
November), winter (December- January). Summers are usually long with temperature going

up to as high as 45°C during daytime (Guttikunda and Gurjar, 2012).
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The winters are generally cold with calm winds and temperatures going as low as 4-5°C or
even less. A strong inversion layer forms over the region during the winters. The average
annual rainfall in this region is approximately 670 mm. The wind direction is generally north-
westerly throughout the year except during monsoon period when it is south-westerly.
Sampling was carried out for summer (May-June), September to November months as Post-
Monsoon (PoM) and winter (December-January) seasons for the year 2015 at the two sites.
PoM has been studied as two separate cases of September-October (SO) and November (N)

months. Sampling sites are shown in Figure 2.1.
2.2 Measurements of Solar Spectral Irradiance

The measurements of solar spectral irradiance (both global and direct) were made with the
help of a Fieldspec spectroradiometer (Figure 2.2). The equipment measures radiation in the
visible/near infrared spectrum in the wavelength range 325 — 1075 nm with a spectral
resolution of 3 nm using a 512 channel silicon photodiode array detector. The equipment
measures radiation in both the photon count mode and the irradiance mode and has the
automatic facility of collecting dark current. The equipment comes with the attachments for
making measurements of global as well as direct solar spectral irradiance. The data collected
by the equipment is transferred directly to a field controller unit (computer) via a standard RS-

232 serial port interface where it is visualized and recorded using the RS’ software.

For the purpose of making measurements, the equipment was installed on the rooftops of
buildings located at both the urban and rural site. The sampling sites were so chosen that they
gave a nearly 180 degree (solid angle) field of view. The solar irradiance, both global and
direct irradiance components, sampling was carried out under clear sky conditions between
11.00 am to 4.00 pm at a sampling interval of 15 minutes during different seasons in the year
2015. For the measurement of global irradiance, a remote cosine receptor (RCR) was attached
to the spectroradiometer using an optical fiber cable. For the direct irradiance measurement,
2n field of view for measuring global irradiance was restricted using a narrow pipe whose
inner surface was coated with black carbon and fitted with a 2 degree FOV disc (Figure 2.4).
This narrow pipe was then pointed manually towards the solar disc and observations were

carried out using the shadow technique. Prior to every measurement, the dark current was
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collected and automatically subtracted from the final measurements by the software. A set of
three files in “.asd” format at an interval of 1 second was recorded for both global and direct

irradiance measurements respectively.

Further analysis of the collected data for both global and direct components of solar irradiance

was carried out using View Spec pro software as follows:

1. The .asd files were first converted to the “.irr” format.
2. Using the statistics tool of the software, a mean file for all the files was calculated.

3. From the calculated mean file, the value of irradiances at every wavelength band was
extracted.

4. Global and Direct insolation values of solar irradiance were calculated by performing the
Lambda Integration in the 325-1075 nm wavelength range.

Figure 2.2. FieldSpec Spectroradiometer (ASD Inc.) used for the solar irradiance

Global and Direct) measurements.
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2.3 PM, s Sampling

PM, 5 sampling was carried out with the help of Airmetrics Mini-Vol® Air sampler (Figure
2.3) at a constant flow rate of 5 L/min for 24 hours a day. The sampler operates with a
rechargeable lead-acid battery with a 24 hour backup. PM, s sampling was carried out using
Whatman quartz fibre filters (47mm) for 5-9 days each in three seasons viz. summer, post-
monsoon and winter at both Shahdara and Sampla sampling sites. The sampler was mounted
on a tripod stand (1.5 m high) above the rooftops of residential buildings at each sampling site

throughout the study.

Filter papers were kept in desiccators with silica gel for 24 hours both pre and post-sampling.
Blank filters were also treated in the same way. The air drawn by the sampler pump is made
to pass through an impactor leading to collection of PM, s on the quartz filter paper. After
sampling, the samples were put in the aluminium foil covered petri dishes which were sealed
with the plastic cover and cello tape and stored in the refrigerator till further analysis. Samples
were weighed pre and post-sampling using microbalance (SARTORIUS GD603) with
0.0001mg accuracy. Samples were handled with the forceps all the time to avoid any
impurities. Weight of the samples was calculated gravimetrically. A total of 56 samples were

collected at both the sampling sites in the summer, post-monsoon and winter seasons.

=

Figure 2.3. Airmetrics Mini-Vol® A1r s_émpler for PM; 5 samiﬁli-.ng.
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2.4 SEM Analysis

SEM technique was used to analyze PM, 5 samples collected from the two sites at Advanced
Instrumentation Research Facility (AIRF) in Jawaharlal Nehru University (JNU), New Delhi.
The SEM analysis was carried out with the help of a computer controlled scanning electron
microscope SEM (Carl Zeiss EVO 40, Cambridge). Prior to the SEM analysis, the samples
were mounted on aluminium stubs using double sided carbon tape for gold coating to make
the samples electrically conductive. A very thin film of gold (Au) was deposited on the
surface of each sample in vacuum coating unit called Gold Sputter Coater (POLARON-
SC7640, UK). The samples were placed in the vacuum chamber of SEM instrument (Silicon
Drift detector) at the designated positions for analysis. The SEM working conditions were set
at an accelerating voltage of 20 kV, a beam current of 40-50pA. The images were recorded at
different magnifications 5000x, 10000x, 15000x, 20000x with a resolution of 20 nm.
Furthermore, the particles diameter or size was measured manually by randomly selecting
particles which were easily and independently visible from the different SEM images using
the Imagel] software and hence, particle size distribution was plotted using the MATLAB

software.
2.5 OC and EC Analysis

The carbonaceous content i.e. organic carbon (OC) and elemental carbon (EC) in the PM; s
samples was analysed by using the Desert Research Institute (DRI) Model 2001A
Thermal/Optical Analyzer. To determine the OC and EC, Thermal/ Optical Reflectance
(TOR) method was selected followed by Interagency Monitoring of PROtected Visual
Environments (IMPROVE-A) protocol (Chow et al. 2007). The complete analysis was carried

out as follows:

The functioning of the DRI model 2001 Thermal/Optical Carbon Analyzer is based on the
principle of the oxidation of organic carbon (OC) compounds and elemental carbon (EC) at
different temperatures. It is based on the fact that the organic carbon oxidizes in the He-only
environment at low temperatures whereas the elemental carbon oxidizes at high temperatures

in the 98%He+2%0, atmosphere. A filter punch of 0.5cm” area was cut with the help of an
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iron punch from the sample which was placed in the sample port of the analyzer. During the
differential heating of the samples, four organic carbon fractions (OC1, OC2, OC3 and OC4
at temperatures 140°, 280°, 480° and 580°C respectively) and three fractions of elemental
carbon (EC1, EC2 and EC3 at 580°, 740° and 840°C respectively) are generated. The carbon
compounds, thus, evolved at different temperatures under different oxidizing atmosphere are
converted to CO, by passing through a heated manganese dioxide (MNO,), oxidizer for their
eventual removal. This CO, is then passed through a methanator — hydrogen enriched nickel
catalyst and is converted to methane (CH4). These methane equivalents are then quantified
with a flame ionization detector (FID). Pyrolyzed Organic Carbon (OP) fraction was
quantified at 580°C right after the introduction of 98% He + 2% O, gas mixture by optical
method when reflected laser light reaches its initial value into the analysis environment. In
this regard, Quality Assurance / Quality Control procedure has been described by Cao et al.
(2003).

OC, EC and TC were determined by using the following equations (Mishra and Kulshreshtha

2016):
OC = OC1+0C2+ OC3+ OC4 + OP (1)
EC = EC1+EC2+EC3-OP 2)
TC =0OC + EC 3)

Where OC1, OC2, OC3, OC4, ECI1, EC2, and EC3 are the different fractions of organic

carbon and elemental carbon generated at different temperatures.

Samples were analysed in the Central Instrumentational Facility (CIF) of School of
Environmental Sciences, Jawaharlal Nehru University, New Delhi. Figures 2.4 and 2.5
respectively show the image of the Thermal/Optical Analyzer installed in CIF and its
schematic diagram. Blanks filters were also analyzed for the subtraction from the PM; s
samples OC and EC concentrations to remove the overestimation. For the blanks, OC and EC
were observed to be 2.06 ugC/(:m2 and 0.63 ugC/cm2 respectively and were subsequently

subtracted from the measured PM, s sample.
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Figure 2.4. EC/OC Analyser (DRI) used for the analysis of Organic and Elemental carbon in
PM,; s samples (Source: Central Instrumentation Facility (CIF), School of Environmental

Sciences (SES), INU, New Delhi).
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Figure 2.5 DRI Model 2001 Thermal Optical Carbon Analyzer schematic diagram. (Source:
DRI Model 2001 Manual)
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The equation used for the calculation of OC, EC and Secondary organic Aerosols (SOA) are

as follows:

Deposition of OC or EC = Total area of deposition of PM; 5 aerosols * (measured) OC or EC

(ng €)

[OC] or [EC] (ug/m’) = Deposition (ng)/ Volume (m?)
SOC = OCeasured - EC*(OC/EC)min

2.6. Data Used

CERES Data

Clouds and the Earth's Radiant Energy System (CERES) is satellite instruments developed for
NASA's Earth Observing System (EOS) to understand the solar - reflected and earth emitted
radiation from the top of the Earth's surface. First CERES instrument was launched with the
NASA’s Tropical Rainfall Measurement Mission. Now CERES instruments are onboard on
the NASA’s EOS satellites Terra and Aqua. It is also part of the Suomi National Polar-

orbiting Partnership observatory.

The CERES 1-hourly (1° x 1°) gridded Single Scanner Footprint (SSF) datasets of fluxes at
the surface (SRF) and top of the atmosphere (TOA) were used to estimate the impact of
aerosol loading on the incoming and outgoing radiation fluxes. CERES’s 1-hourly (1° x 1°)
gridded Single Scanner Footprint (SSF) data product considers MODIS-observed cloud and
aerosol properties in estimating the outgoing shortwave (SW) radiation fluxes. The fluxes are
obtained from measured radiances using angular distribution models (Loeb and Kato, 2002).
The CERES SSFlevel2 Ed4A flux (SWTOA (0.3—5um) clear-sky) and collocated MODIS-
AOD products from AQUA were used for the duration of 1% April 2015 to 28" February
2016. We used linear regression between SZA normalized SWroa, SWsurrace and collocated
MODIS-AQOD over the two regions viz. 28.5-29.0°N and 77.0-77.5°E centered at Shahdara,
Delhi (28.6°N, 77.29°E) and 28.5-29.0°N and 76.5-77.0°E centered at Sampla, Haryana
(28.77°N, 76.76°E) to get a statistically significant estimate of the radiative forcing efficiency

due to aerosol load at the Surface and TOA. The radiative forcing efficiency studies using the
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CERES datasets at the surface and TOA have previously been carried out over Indo-Gangetic

Plain (Gautam et al., 2010, 2011, Sarangi et al., 2016).

The following parameters were downloaded at 50x50 km grid distance on each side from the

sampling sites for the period of 1% April 2015 to 28" February 2016:
1. Time and Location (coordinates of the sites)

2. Surface parameters : Single Scattering Albedo, Atmospheric Extinction (AE), Cloud

Factor
3. Surface Flux
4. Top of the Atmosphere (TOA) Flux
5. Surface Albedo
6. Aerosol Optical Depth (AOD) at 550nm from MODIS Aqua Sensor

These datasets were further resolved into 20x20 km grid and values were extracted at the
interval of 0.5° in the coordinates of each sampling site (Delhi and Haryana). In order to
calculate the seasonal variation of the radiative forcing, analysis duration is further divided
into seasons: Pre-Monsoon (April, May, June - AMJ), Post-Monsoon (September, October,
November - SON), Winter (December, January, February - DJF). The data is further
segregated seasonally for both the sites in Delhi and Haryana. The expected uncertainty of
MODIS-AOD is +£0.05 £ 0.15 x AOD over land [Remer et al., 2005].

For the forcing at the surface and TOA respectively, following datasets were chosen for each

sampling sites:
(1) AOD and Surface Flux
(i)  AOD, TOA Flux and Cloud factor
For TOA flux, only days with cloud factor < 10% were considered.

The radiative forcing at the surface and TOA over Delhi and Haryana is calculated using the

following steps:
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IIL.

For RF

Where,

The TOA and Surface fluxes variation with the AOD was observed. Only those
seasons with the p-values < 0.05 were considered for the further analysis of radiative

forcing.

Radiative forcing was calculated by two methods: slope and intercepts methods using

the following equations:

at the surface:

F|'s =1,(AODss) + F'|S 1)
AF*WYg=(F*s-F'g) x 1-SA)  (Intercept method) ()
AF®Ys =1, (AODss) (Slope Method) (3)

F's =Mean surface flux under aerosol laden conditions/atmosphere
F’s = Surface flux under the clear sky conditions (intercept)

ns = RF Efficiency (in Wm?AOD™) (at surface) (slope)

AODssp = Aerosol Optical Depth at 550nm wavelength

AFY§ = Short wave forcing at the surface (in Wm'z)

SA = Mean seasonal Surface Albedo

Similarly, Short Wave radiative forcing at the TOA:

Where,

F1 =11 (AODssg) + F'j1 )
ARy = (F1 - Fp) (Intercept method) (5)
AFSV1 =11 (AODsso) (Slope Method) (6)

F*t =Mean TOA flux under aerosol laden conditions/atmosphere
F'r = TOA flux under the clear sky conditions (intercept)

nr = RF Efficiency (in Wm?AOD™) (at TOA) (slope)

AQODssy = Aerosol Optical Depth at 550nm wavelength

AF*V = Short wave forcing at the TOA (in Wm™)
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SA = Mean seasonal Surface Albedo

RF in the atmosphere (FSWATM) is calculated as follows:

FVamm = FPVp - FYg (7)
III.  Error Estimation:
Following error in the fluxes, slopes and intercepts were calculated as follows:

Standard errors in mean values of surface and TOA fluxes = €,,cun

Standard errors in mean values of AOD = EmAoD
Error in the slope =&
Error in the intercepts =&

Final errors in the forcing:

Slope Method: € =vVEmAOD? + £12 8

Intercept Method: €= VEmean? + €22 )
Meteorological data

Meteorological data for the parameters wind speed, wind direction, relative humidity (RH),
precipitation for the study sites have been used from wunderground (www.

wunderground.com)
2.7 Software Used
Image J

Image] is an open access Java image processing and analysis program inspired by NIH Image
program which was developed at the Research Services Branch (RSB) of the National
Institute of Mental Health (NIMH) (https://imagej.nih.gov/nih-image/about.html). /mage can
read and write, display, edit, analyze, process, save and print 8-bit, 16-bit and 32-bits images
of wide variety of image formats such as TIFF, GIF, JPEG etc. Various parameters such as
diameter, area, perimeter, among others can be measured using this software. It also performs
automated particle analysis and provides tools for measuring path lengths and angles. Further

information about the software can be obtained from - https://imagej.nih.gov
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/ij/docs/intro.html. Being an open program, Java plugins can be modified by the users to solve

almost any image processing or analysis problem.

Imagel software has been used in the present study to measure the size (diameter) of the

PM, 5 particles.
ViewSpec Pro

ViewSpec™ Pro is trademark software developed by the ASD Inc. This software is used for

post-processing of the spectral data which has been saved in the .asd format.
Radiometric Correction

The .asd format is converted to “.irr” format using the Radiometric Correction. Radiometric

correction converts the RawDN values to radiance or irradiance using the formula:

(lampfile) x (calpanelfile) x (inputfile) x (calITG)
L= - — -
(calibrationfile) x (inputITG) x «

Where,
L = radiance to be calculated
lampfile = calibrated irradiance file for the lamp
calpanefile = calibrated Spectralon® reflectance file
inputfile =unknown, dark current corrected input file
callTG = Integration time and/or gain of the calibration file
calibrationfile = Dark current corrected raw data collected at ASD
inputlITG = Integration time and/or gain of the input file

The © in the denominator is automatically left out by the software in calculating the Irradiance
measurements. The Irradiance is defined as the radiant flux per unit of area in W/m2, whereas,
Radiance (L) is defined as the radiant flux emitted from the source per unit area per unit solid

angle.

Statistics
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This process performs the standard statistical methods: Mean, Median and Standard Deviation

on the selected spectral files. These methods distinguish the noise of each spectrometer.
Lambda Integration

The average values of the spectral data can be calculated using the Lambda Integration option
from the view spec application. Lambda Integration averages or integrates wavelengths under

the area as per the end limits set by the user. (Source: ViewSpec Pro Manual, www.asdi.com)

MATLAB

Matlab (Matrix Laboratory) from MathsWorks, is a high-performance, fourth generation and
technical computing proprietary programming language which integrates the computation,
visualization and programming all in a common environment. The in-built libraries of Matlab
facilitate the signal processing, data analysis, image processing, modelling, simulations etc.
Matlab has been used for the CERES satellite data processing and the particle size distribution

trends.
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CHAPTER - 1T

RESULTS AND DISCUSSION




Chapter 3 Results and Discussion

3.1 PM, 5 Characteristics

As PM; s dominates the fine mode aerosols, it’s monitoring on local and regional scale is very
important for the air quality assessment and human health studies. In order to gain an insight
into various properties of PM; 5 aerosols such as concentration, shape, size and carbonaceous
(elemental and organic) content, PM, s aerosol sampling was carried out at two locations viz.,
Shahdara (urban) and Sampla (rural) in Delhi-NCR in Summer, Post- Monsoon (PoM) and
winter seasons. PoM season has been studied as the two separate cases of September-October
(SO) and November (N) months for the shape, size and EC-OC analysis at the Shahdara and

Sampla sites.

3.1.1 PM, ;5 Concentration

Seasonal Variation of PM,
300.00 -

250.00 1
200.00 A
150.00 A

B Shahdara

100.00 A B Sampla

PM, 5 Concentration (ng/m?®)
N
o
S
(e

0.00 -

Summer PoM (S5-O) PoM (N) Winter

Seasons

Fig. 3.1. Seasonal variation of PM,; 5 concentration at urban and rural sites.

Figure 3.1 shows the seasonal variation of the average PM, s concentrations with standard
deviation (SD) at the Shahdara and Sampla sites. There is an increasing seasonal trend

observed in the concentrations at both the Shahdara and Sampla sampling sites. However, the
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average concentration of PM; s at the urban (Shahdara) site was found to be relatively higher
as compared to the rural site (Sampla) in all the seasons. The average PM, 5 concentration in
the urban site was measured to be 87.33ug/m’, 108.30 pg/m® and 155.56pg/m’ and in rural
was 39.46pg/m’, 75.53ug/m’, and 91.62pug/m’ in the summer, post-monsoon and winter
seasons respectively. The average daily concentrations at both the sites exceeded the 24
hourly average levels of Central Pollution Control Board (CPCB)-NAAQS PM; s level (60
pg/m®), WHO guidelines (25 pg/m’) & US-EPA standards (35 pg/m’) except in the summer
season at the rural site which were below the prescribed 24 hourly CPCB-NAAQ Standards
but exceeded those of US-EPA and WHO standards. The average, minimum, maximum
concentrations and standard deviation at urban and rural locations in summer, post-monsoon

and winter seasons respectively are listed in Table 1.

The sources of PM; 5 aerosols in the rural region may include the dust, both wind-blown from
nearby Thar Desert region and re-suspended from vast open agricultural fields, bi-annual
agricultural waste burning (during April-May & October-December), use of bio-fuels (wood
and cow-dung cakes) for cooking purposes, transport of pollutants by wind from the nearby
industrial areas and brick kilns. At the urban site, the major sources of PM; s may include
emissions from road traffic, thermal power plants, industries and large scale construction

activities.

During the summer season, proper dispersion of the pollutants takes place as a result of high
atmospheric boundary layer and strong surface winds therefore, leading to less concentration
at both the rural and urban sites as compared to the concentration in other seasons. The
average temperature, relative humidity (RH in %) and wind speed during the summer
sampling duration over Delhi were reported to be 34.33 °C, 41.75% and 2.64 m/s respectively

(www.wunderground.com).

The Post-Monsoon season witnesses the change in the weather indicating the transition from
summer to winter season in the month of October. The average temperature, RH and wind
speed during the month of October & November are 30°C, 51.5% and 1.81 m/s & 19.57 °C,
50.42% and 1.31 m/s respectively. Slightly foggy and cooler conditions could be observed
during the early morning time in this period, which could help in the accumulation of the
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pollutants during this time. The months of October-November are important for the air quality
studies as during these months large amount of agricultural waste is burned openly by the
farmers to clear the fields for sowing the next crops. These events affect the air quality of not

only the immediate area but have a great impact on the surrounding regions as well.

PM,; s concentrations during winter in the Delhi-NCR were observed to be the maximum at
both the sites. The PM, s aerosol concentrations are also affected by meteorological conditions
(calm or no winds and lower inversion height). The average temperature, RH and wind speed
during the sampling duration were 10.33 °C, 92.33% and 1.99 m/s. Under these conditions,
aerosols generated by various anthropogenic emissions tend to accumulate near the surface

thereby increasing the concentration during the winter season.
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3.1.2 Particle shape

Particle size and shape was analysed using the SEM technique in different seasons viz.
summer, post-monsoon and winter at both the urban (Shahdara) and rural (Sampla) sampling
sites as described below. Figure 3.2 shows the SEM images of the blank quartz fibre filter.

The long tube-like structures represent the quartz filter fibres in all the SEM images.

Blank Quartz fiber filter

}l y" \

- 4 .
24m EHT = 20.00 kv Signal A = SE1 Dabe 30 Mar 2018 — 24m EHT = 20,00 v Sigral A = SE1 Dato :30 Mar 2016
WO =105 mm Mag= 10.00K% Time 185123 WD = 10.5 men Mag= 2000KX Tire :15:54:41

Fig.3.2. SEM micrographs for the blank quartz fibre filters.

The seasonal variation in the morphology of the particles at Shahdara and Sampla sampling
sites is described below. The SEM results show a clear difference between the morphological
properties at both the urban and rural sites during the summer, post-monsoon and winter

seasons.
L. Summer Season:

Figure 3.3 below shows the SEM images of the PM; s aerosols at the urban and rural site
during the summer season. A stark contrast between the urban and rural samples could be
observed. The SEM results show that the rural area samples (3.3- b, d, f) were relatively
cleaner as compared to the urban area samples which is in agreement with the PM;;
concentrations levels at both the urban and rural sites. During the summer season, the strong

convective winds and high temperatures in Delhi-NCR increases the height of boundary layer,
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allowing the proper dispersion of the pollutants. Even then, the high pollution levels could be
observed at the urban site as compared to the rural site as is evident from the Summer SEM
images as well. The flaky, free, aggregated and irregular shaped particles were found to
dominate at the urban site during the summer season (Figure 3.3 a, c, €). However, ultrafine
and spherical shaped particles were found to be present in the rural samples during the
summer season but not in the significant amount. Urban area samples were clearly found to be
dominated by the soot-like aggregates in the summer season indicating the presence of large
amount of anthropogenic emissions from the vehicular, industrial and coal based combustion
processes. Soot aggregates are often irregular shaped agglomerates of smaller particles
(figures 3.3- c and e). A few crystalline particles could be observed in the rural samples
(figure 3.3 - d and f) which could be due to the presence of dust/silica. During this season,
Delhi-NCR is affected by the severe dust storm events which increase the amount of dust
particles in the atmosphere. Rural area, in addition to dust storms, is also affected by the
wind-blown dust from the large open dry agricultural fields which also add up to the amount
of dust in the atmosphere. Soot aggregates in smaller amounts were also observed in the rural
area which could be due to the consumption of the bio-fuels (woods and cow-dung cakes) in
the households throughout the year for cooking purposes in the morning and evening times.
Also, at the end of April or beginning of May, agricultural waste of wheat crop is burned to

clear away the fields for sowing the rice crop.
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Fig.3.3. SEM micrographs for the summer season at two sites Shahdara (a, c, €) and Sampla

(b, d, f).



1I. Post-Monsoon Season

The post-monsoon season comprises of the September, October and November months. The
shapes of the particles have been studied separately at both the urban and rural sites as

described below:
PoM (S-0)

Figure 3.4 shows the PM; s aerosol particles at the Shahdara (Figure 3.4 - a, ¢, ¢) and Sampla
(Figure 3.4 — b, d, ) sites during the PoM (S-O). During the months of September — October
also, the urban area samples were heavily loaded as compared to the rural area ones.
However, the nature of the particles and deposition changed slightly at both the sites. Unlike
summer season, where mostly soot-like particles were present, the urban site recorded the
small aggregates of the PM; s aerosols in addition to the soot particles. This may be due to the
beginning of the seasonal change over this region from summer to fall season when the days
are still warm but nights start to become cooler. The small aggregates of ultrafine particles
were observed in abundance at the urban site whereas at rural site, small round and crystalline
shaped (Fig. 3.4 - f) particles were observed. A few large particles such as the perfectly
spherical/round shaped soot particles of size approximately up to 10um (Fig 3.4 — c) along
with the other smaller aggregates could also be seen in the urban area samples whereas at
rural site fluffy particles (Fig 3.4 — d) were observed which could be soot particles. However,
SEM images could not tell whether the round/spherical particles were hollow or solid from

inside.
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Fig.3.4. SEM micrographs for the PoM (S-O) months at the two sites viz. Shahdara (a, c, €)

and Sampla (b, d, 1).
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PoM(N)

Figure 3.5 shows the PM; 5 aerosol particles at the Shahdara (Figure 3.5- a, c, ) and Sampla
(Figure 3.5 — b, d, f) sites during the month of November. The variability in the aerosols
shapes and sizes could easily be noticed. Urban site samples recorded the abundance of
aggregates of ultrafine particles, spherical, round and irregular shaped particles. On the other
hand, rural area samples were found to be dominated by spherical and spindle or bead shaped
particles (Figure 3.5 — d). This month also witnessed the Deepawali festival on the 1"
November 2015. Burning of fire crackers continued for three-four days even after Deepawali
festival. Soot particles were again commonly found in the urban area samples. Different
processes of particle formation result in different morphologies of the particles. Coagulation
processes also result in irregular particles in the fine mode fraction. Breed et al. (2002)
reported contribution of combustion processes more to the fine mode fraction. The month of
November is one of the most important months in the year as far as air quality and aerosol
characteristics studies are concerned. This month marks the event of open biomass burning on
a large scale in the northern Indian states especially in Haryana and Punjab. During this
season, the transition of crops from Kharif to Rabi takes place and in order to do so, farmers
burn the residual agricultural waste of Kharif crops to clear the fields for the sowing of the
next crop. This is an economical method for the farmers to get rid of the large amount of crop
residues fairly quickly. Burning of the crops usually starts in the late afternoon and is

sometimes continued in the night as well.
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Fig.3.5. SEM micrographs for the PoM (N) season at two sites Shahdara (a, ¢, €) and Sampla
(b, d, 1.
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I11. Winter Season

Figures 3.6 shows the PM, 5 aerosols morphology in the Shahdara (Figure 3.6 - a, c, e) and
Sampla (Figure 3.6 — b, d, f) sampling sites during the winter season. During this season, the
round, aggregated and irregular shaped particles were found to be dominating at both the
urban and rural sites. However, at the rural site, the individual irregular, spherical and spindle
shaped particles, though embedded in filter fibres, were more prominently observed as
compared to the wurban site where particles were observed to be in a highly
concentrated/aggregated form on the fibre filter strands making it difficult to ascertain their
shape and size properly. Very few particles could be observed individually at the urban site.
The morphology of the particles in this season at both the sites indicate the presence of
combustion sources which could be vehicular, industrial, coal combustion, dry leaves or
garden waste in the urban areas, bio-fuel consumption for both cooking and heating purposes
and biomass burning during winter season. At the urban site, during winters, high amount of
PM, 5 aerosols from various sources under low temperatures and calm or no winds may
undergo the process of aggregation. Soot was again observed as the major component of
PM, s particles especially in the urban area. The meteorological conditions as well play a great
role during this season. As discussed above, low temperatures and development of low
inversion layer during this season result in the accumulation of the particles near the surface

thereby increasing the concentrations of the aerosols.
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Fig.3.6. SEM micrographs for the Winter season at two sites Shahdara (a, c, €) and Sampla (b,

d, 9.



Discussion

The urban site samples were always found to be more heavily loaded than those of rural ones
which is in agreement with the measured concentration and SEM images. High concentrations
at the urban site may have resulted in the aggregation of the PM; s particles especially during
the Post-monsoon and winter season. Aggregation processes often results in the formation of
irregular shaped particles of different sizes (Rodriguez et al. 2009). Whereas the rural site
SEM images still showed the particles to be present in the independent/individual state. The
sources of the PM, s particles were observed almost identical in the urban and rural areas with
exceptions to their number and season (such as biomass burning event). High temperature
combustion processes are generally associated with the production of spherical shaped and
smooth surfaced particles (Tasic et al. 2006), such as biomass burning and wood/coal
combustion observed in the November and winter season. Spherical shape of the particles is
an important consideration in the study of solar attenuation by various atmospheric models
(Buseck et al. 2000). Certain particles such as Soot can cause “heating” of the atmosphere by
absorbing the incoming solar radiation (Tiwari et al. 2015). Though the SEM analysis is a
powerful tool to determine the shape and size of the PM,s particle but it still has some
limitations. For example, the SEM analysis, cannot tell the presence of the hollow spherical
particles. Given the complex fibre structure of the quartz fibre filter, manual SEM analysis of
the collected particles is often limited by the heavily loaded samples which makes it difficult

for the individual particles to be analyzed effectively (Casuccio et al. 2004).
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3.1.3 Particle Size Distribution:

The size distribution of the PM, s aerosols at the urban and rural site in three seasons is
compared below. Approximately 300-400 particles from 5-11 images from each season at
both the sites, Shahdara and Sampla, were analyzed to measure the diameter. The distribution
curves have been plotted. The red line indicates the log-normal distribution fit. The seasonal

size distribution at both the sites has been discussed below:
I. Summer:

The particle size distribution at both the urban and rural site (Figure 3.7) was observed to be
skewed to the right. The geometric mean (n) and geometric standard deviation (o) of the
particles size at both the sites were 0.58, 1.7 and 0.58, 2.0 respectively. As is observed from
the two sites distribution curves, the geometric mean diameter is comparable but the spread of
the distribution curve is more at the Sampla site than the Shahdara site. At the urban site, the
dominant size range is the 0.2 - 1.4 um whereas at the rural site 0.1 — 2.0 pum indicating the
presence of coarse mode particles such as dust or crystalline particles in good amount at the
rural site. Rural distribution clearly indicates the dominance of particles in both the
Accumulation and aitkin mode whereas at urban site aitkin mode could be found to be the
dominant one. This indicated the presence of vehicular and industrial emission sources in the
urban area which generally contribute to the fine mode fraction of the aerosols. In rural area
particles with size >1 um were observed in large amount compared to the urban area which
could be due to the presence of large number of coarser particles such as dust or crystalline
particles. As is seen above, urban area samples during the summer season were largely
influenced by the soot fluffy, mesh-like aggregates making it difficult to discern their sizes.
The accumulation mode particles generally result from the burning of the bio-fuel (wood,

cow-dung cakes) for various cooking purposes in the households (Sienfeld and Pandis, 2006).
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1I. Post-Monsoon:
PoM(S-0)

The figure 3.8 shows the particles diameter distribution at the Shahdara and Sampla site PoM
(S-0) season. The particle size distribution at both the urban and rural site was observed to be
skewed to the right. The geometric mean (ug) and geometric standard deviation (c,) of the

particles size at both the sites were 0.47; 1.8 and 0.59; 1.8 respectively.

The size distribution curve at the urban site shows a maximum around 0.40 um size aerosols
whereas at the rural site maximum is observed around 0.4 - 0.5 um particles. The geometric
mean diameter of particles is observed to be higher in the rural area than the urban area. But
the spread of the distribution curve is almost similar at both the urban and rural sites. The
rural site was observed to be dominated by the particles in the size range 200- 900 nm and
particles in the size range 200 -700 nm dominated at the urban site. This curve again shows
the dominance of accumulation and aitkin mode particles in both the urban and rural areas
indicating the presence of anthropogenic emission sources in both the urban and rural areas.
However, since the distribution curve in the rural area contains particle larger than 1

micrometer as well, fine dust aerosols could also be present in the rural samples.
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PoM(N)

The size distribution observed at both the urban and rural site is log-normal (Figure 3.9). The
distribution curve at the urban site (Shahdara) is dominated by the particles of the size less
than 1 micro-meter indicating the dominance of accumulation mode whereas at the rural
distribution curves indicates the dominance of the accumulation as well as coarse mode
particles (diameter >1 um). The geometric mean and geometric standard deviation at both the
urban and rural site are 0.58, 2.1; 1.3, 1.7 respectively. The urban aerosols were observed to
be dominant in the 0.1-1pum size range (fine mode particles) and rural samples were found to
be dominant in the range 0.5- 2.0 um (fine + coarse mode). This indicates that the urban area
particles are more influenced by the vehicular and industrial emissions whereas the rural area
particles could be influenced by the particles originating from agricultural biomass burning
activities, combustion of wood and coal for household chores in addition to dust particles.
Biomass burning activities generally produces particles in the accumulation mode (Sienfeld
and Pandis). As mentioned above, the rural site witnessed the biomass burning activities
during the sampling duration. The larger particles than the accumulation mode size were also
observed at the rural site. This could be due to the aggregation of fine particles (external
mixing) or the deposition of the particles melted at high temperatures which could result in

the larger size particles at the rural site.
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I11. Winter:

The size distribution curve observed in the urban and rural areas is skewed to the right giving
the log-normal distribution (Figure 3.10). At the urban site, the particles were observed to be
in the size range of 0.4 — 2.0 um size range and at the rural site, the particles were observed in
the 0.2 — 2.0 um. Distribution curve in the urban area has a peak around the size range of
approximately 0.5-1.2 um whereas in the rural area, distribution shows two peaks from 0.5-
0.7 and 0.9-1.4 pm size range. The geometric mean and geometric standard deviation at both
the urban and rural site are (0.93; 1.7), (0.95; 1.9) respectively. As can be seen, the mean
geometric diameter comparable at both the urban and rural site but the spread of the
distribution is curve is more at the rural site than the urban site. This may be due to the
presence of the large number of the individual particles at the rural site as compare to the
urban site where particles were mainly in the agglomerated form during the winter season.
During the winter season also, the rural site was dominated by the fine mode as well as coarse
mode particles indicating the emission from the automobiles, factories, wood and coal
burning in addition the dust aerosols may be responsible for this size range aerosols. Urban
areas particles were mainly dominated by the fine mode aerosols with size less than 1 micro-
meter showing the dominance of vehicular and industrial emissions which contribute mainly

to the fine mode fractions than the coarse mode fraction.
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3.1.4 Seasonal Comparative study of urban and rural particle Size Distribution

To understand the various interaction processes of aerosols in the atmosphere, it is imperative
to understand their size distribution in the atmosphere. As PM; 5 aerosols include particles of
diameters < 2.5 um, it is important to estimate their size distribution as particles of different
sizes interact differently in the atmosphere. As can be seen from the above particle diameter
distribution, majority of the particles at the Shahdara and Sampla site were distributed within
the 0-1.5 pm size range except in the month of November in Sampla where particles were
observed to be distributed throughout the 2.5 pm spectrum. These distribution curves indicate
the dominance of fine mode aerosols in both the urban and rural site in all the seasons except
during the month of November in rural area where coarse mode aerosols (size > 1um) also
seem to dominate. Agricultural waste burning activities during the month of November may
be responsible for the presence of large particles (due to agglomeration) in the size
distribution at the rural site. Dominance of fine mode aerosols indicate the presence of
anthropogenic emissions such as wind-blown or re-suspended dust, vehicular, industrial and
biomass burning at both urban and rural sites. As discussed in the chapter 1, the sizes of the
particles play a crucial role in determining the kind of scattering (Rayleigh, Mie or Optical)
exhibited by the aerosols. These scattering processes help in determining the kind of forcing
that these aerosols exert at the surface or TOA or in the atmosphere over a particular region,

in turn, affecting the local/regional climate system.
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3.1.5 Carbonaceous content

The carbonaceous content such as OC and EC and their ratio (OC/EC) were analysed

seasonally at Shahdara and Sampla site.

Summer season:

Shahdara Sampla
30 1 =0.8042x + 9.0645
y=0.8942x + 9. 16 1 y=-0.4715x + 12.367
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25 ° 14 - ° ° R?=0.08
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Fig.3.11. Relationship between OC and EC during summer season at two sites Shahdara (a)

and Sampla (b).

The OC and EC concentrations were found to be higher at the Shahdara site than Sampla site.
The OC values ranged from 10.76 - 24.64 ug/m3 at Shahdara and 4.06-14.23 ug/m3 at Sampla
sites during the summer season. On the other hand, EC values were observed to be varying
from 2.82 — 14.99 pug/m’ and 2.53 — 10.09 pg/m’ at the Shahdara and Sampla sampling sites
respectively. A significant relation (R* = 0. 63) could be seen between OC and EC at the
Shahdara site (Figure 3.11 a) depicting an increasing/positive trend between the OC and EC
values indicating the presence of common sources of OC and EC emissions in the urban area.
The average OC and EC concentrations with standard deviation at the urban and rural sites are
15.22 + 5.13 pg/m’, 7.65% 5.05 pg/m’; 9.60 + 4.46 ng/m’, 5.86 + 2.64 ug/m’ respectively.

The respective average OC/EC ratio (with standard deviation) at the Shahdara and Sampla site
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are 2.51%1.14, 2.10 £ 1.70. In rural area, however, the trend is opposite to that observed at the
urban site. A negative slope/decreasing trend with poor association (R2= 0.08) between EC
and OC has been observed at the rural sampling site during the summer season (Figure 3.11
b). The poor correlation between the EC and OC at rural site indicates the presence of
different sources of emission which could be the presence of dust particles in the atmosphere
in the rural area as a result of dust storms which was witnessed during the sampling period.
There is no direct relation observed between the OC and EC values observed at the rural
sampling site. For some days, for the given values of EC, OC shows higher values whereas
for other days almost similar concentration of EC and OC could be observed. Not much
significant differences between the OC and EC concentrations at the Shahdara and Sampla
sites could be observed during the summer season. Since, OC/EC >1 at both the urban and

rural sites, indicate the influence of anthropogenic emissions during the summer season.
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Post-Monsoon
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Fig. 3.12. Relationship between OC and EC during September-October months at two sites
Shahdara (a) and Sampla (b).

The average OC and EC concentrations (+ SD) at the urban and rural site were observed to be
22.91 + 10.24, 16.56 + 3.07; 11.43% 4.67, 7.96 + 3.52 pg/m’ respectively. The OC and EC
values at both the urban (R* = 0.01) and rural (R*> = 0.001) sites were found to be poorly
correlated (Figure 3.12 a-b) indicating the other emissions sources than the usual for EC and
OC 1in the urban and rural areas. However, the variation between OC and EC showed a
positive trend as compare to the rural site which depicted a negative variation between the OC
and EC concentrations. Even though the OC and EC concentrations measured were higher at
urban site than the rural sampling site, the average OC/EC ratio at the urban and rural site are
1.41£ 0.67 and 1.82 £ 1.42 respectively. The OC and EC concentrations at the urban site were
measured to be varying from 12.02 — 42.62 and 20.08 — 13.05 ug/m3 respectively whereas at
the rural site respective OC and EC values were found to be varying from 7.38 — 20.88 and

2.59 — 14.69 pg/m’. No direct relation could be observed at the rural site between the OC and
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EC values. The OC/EC ratio during this period was observed to be lower than the summer
season at both the Shahdara and Sampla sampling sites. These months are relatively cleaner
than other months after the monsoon period is over. The season starts a transitioning from
summer to autumn which witnesses a slight fall in temperature. Nights and mornings start to
become cooler and a slight fog also starts to develop during the early morning hours. Also at
the end of September - October, the post harvesting agricultural waste burning just begins
which may contribute to the higher OC and EC concentrations than summer season during

these months.
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Fig.3.13. Relationship between OC and EC during November month at two sites Shahdara (a)
and Sampla (b).

The average OC and EC values with standard deviation at the Shahdara and Sampla site were
36.22 + 14.13 pg/m’, 33.63 £15.12 pg/m’; 65.08 + 21.79 pg/m’, 35.96 + 11.12 pg/m’
respectively. The average OC/EC ratio at the Shahdara and Sampla sites are 1.20+ 0.60 and
1.94 +0.90 respectively. At the Shahdara sampling site, the OC varied from 17.99 - 63.46
png/m’ and EC from 21.49- 69.15 49 pg/m™ The rural site saw the variation in the OC from

35.29 - 92.64 ug/m3 and EC from 26.50 - 58.69 ug/m3 during the month of November. Both
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the sites observed a poor correlation (Urban, R%*=0.1; Rural, R*= 0.004) between OC and EC
during this month indicating the presence of EC and OC sources in both the urban and rural
area (Figure 3.13). The average EC values were observed to be higher (but not significantly)
at Sampla than the Shahdara during the month of November indicating the presence of
combustion sources such as large scale biomass burning in addition to other local sources
such as wood and coal combustion in the households. The rural site also observes a very high
OC content than the urban sampling site which might be due to the formation of higher
amount of secondary organic carbons in the rural atmosphere where the solar irradiance
reaching the surface is still more as compare to the urban area (next section). The higher OC
and EC values in the rural area showed that the biomass burning activity has affected rural
area more than the urban area even though the sources of pollution are more in the urban area
as is evident from the PM, s concentrations during this season. The OC and EC showed a
negative association at the rural site as compared to urban site which observed a positive trend

despite the poor association between the OC and EC concentrations.
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Winter
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Fig.3.14. Relationship between OC and EC during winter season at two sites Shahdara (a) and

Sampla (b).

During the winter season, the average OC and EC concentrations (£ SD) at the urban and
rural sites are 44.55 + 31.08ug/m’, 16.85+ 5.13pug/m’; 45.70 + 12.24ug/m’, 18.98+ 15.63
ng/m’ respectively. During the winter season as well, a poor association between the
concentrations of OC and EC could be seen (Figure 3.14 a and b) at both the urban and rural
sites. Also, the OC and EC relation has a negative slope at both the Shahdara and Sampla
sampling sites. The OC and EC concentrations varied from 18.57 — 96.98 pg/m’® and 12.04 —
23.47 ug/m’ respectively at the urban site whereas at the rural site, they ranged from 34.26 —
65.68 pg/m’ and 2.60 — 44.16 pg/m’ respectively. The average (+ SD) OC/EC ratio at both

the urban and rural site are 2.89 £2.19 and 5.77 = 7.25 respectively.

The average OC concentrations at both the urban and rural sites were observed to be
comparable and EC concentrations at the rural site were found to be slightly higher than the
urban site. High EC concentrations at the rural area might be due to the burning of biomass

(agricultural waste) and a good amount of wood/coal burning for the cooking and heating
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purposes in the vicinity of sampling site by the people during this season in addition to the
emissions from diesel powered vehicles like trucks and tractors used for agricultural purposes

and the nearby industries and factories.

Whereas in the urban area, the burning of garden waste cuttings, dry leaves by the road side,
wood/coal burning by the poor people in order to keep themselves warm during the harsh
winter season in addition to the vehicular, industrial, emissions from the coal-based thermal
power plants could also contribute to the EC and OC concentrations. The formation of the
secondary organic carbons in the presence of sunlight could also contribute to the high OC
concentrations at the rural site. The low temperatures (coupled with the low inversion layer
and calm winds during this season also lead to the aerosol accumulation near the surface. The
boundary layer/height becomes very low during this season which doesn’t allow the particles

to disperse properly.
3.1.6 Seasonal variation for the urban and rural EC and OC

Table 3.2 summarizes the average values of EC and OC along with their standard deviations

and standard error during the seasons viz. summer, PoM (S-O), PoM (N) and winter.

A positive association between the OC and EC values has been observed in the urban area
except during the winter season whereas at the rural site, a negative association between OC
and EC is observed during the entire study period. Also the association was observed to be
poor in almost all the seasons at both urban and rural sites except during the summer season at
urban site which showed a relatively good association among the OC and EC values. The
poor association indicated the contribution of other sources in addition to combustion
processes. The OC and EC values were observed to high in the urban area than the rural area
during the summer and September-October months of Post-Monsoon season. However, in the
month of November and winter season, the OC and EC concentrations were found to higher

in the rural area than the urban area.

The percentage contribution of OC to the PM; s at the urban site is 17. 43%, 22.72%, 31.29%

and 28.64% during the summer, PoM (S-O), PoM (N) and winter seasons respectively. At the
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rural site OC contributed to about 24.32%, 21.87%, 63.73% and 49.88% to the PM, 5 in the

summer, PoM (S-O), PoM (N) and winter seasons respectively.

The EC contribution in the summer, PoM (S-O), PoM (N) and winter seasons was observed to
be 8.76%, 16.42%, 29.06% and 10.83% respectively in the urban area and 14.85%, 15.23%,

35.21% and 20.72% respectively in the rural area.

At the urban site, a gradual seasonal increase in the OC concentrations could be seen (see
Table 3.2). The seasonal trend followed by OC values at the urban site is Winter > PoM (N)
> PoM (SO) > Summer whereas at the rural site it is PoM (N) > Winter > PoM (SO) >
Summer. OC concentrations were 2 times (approx.) higher at the Shahdara site than Sampla
during the summer and PoM (SO) whereas in the month of November they were 2 times
higher at Sampla site than Shahdara. OC concentrations were comparable in the winter

s€ason.

At both the sites, EC concentrations were found to be increasing from summer till Post-
Monsoon season but decreased in the winter season. The increasing trend followed by the EC
concentrations at both urban and rural sites is PoM (N) > Winter > PoM (SO)> Summer. Very
high EC concentrations were observed during the month of November at both the urban and
rural sites which may be due to the large scale agricultural residue burning activities in the
neighbouring states of Haryana and Punjab in addition to the local sources already present at

the two sites.

At the urban site, not much significant variation in the OC/EC ratio could be observed at
urban site. At the Shahdara site, the OC/EC ratio in summer and winter (maximum) is almost
comparable whereas in the PoM (S-O) and PoM (N) they were lowest as well as not much
variable (Table 3.2). At the Sampla OC/EC ratio increased from summer to winter by a factor
of ~ 3. OC/EC ratio at rural site was maximum in Winter and minimum in PoM (SO).
However, during the PoM season, like urban, were lowest and not much variable. On
comparing the two sites, the OC/EC ratios, except during the summer season, were observed

to be higher in the rural area than urban area in both PoM and winter seasons. OC/EC ratio
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was slightly higher at the urban site than rural site during the summer season. During the

winter season, rural OC/EC ratio was approximately 2 times higher than the urban ratio.

However, the result did not indicate a significant variation in the urban and rural
carbonaceous content as expected. This may be due to the close proximity of the two sites (~
60 kms). The transport of aerosols by air may affect the concentrations of carbonaceous
content at the two sites. Table 3.3 provides the minimum and maximum values of EC, OC and

OC/EC ratio at Shahdara and Sampla in different seasons.
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3.1.7 Secondary Organic Carbons (SOCs):

Table 3.4 below gives the seasonal concentrations of the secondary organic carbons along
with their standard deviations and percentage contribution to the organic carbon at the
Shahdara and Sampla sampling sites. The secondary organic carbons (SOCs) were calculated
using the measured concentrations of OC and EC (Previous section). EC tracer method is
used for the SOC estimation using the minimum OC/EC ratio in different seasons. Further
details regarding this method can be found in various literatures (Turpin and Huntzicker
1995; Castro et al. 1999; Ram et al. 2008). The minimum OC/EC ratios are different (Table
3.2) in different seasons as the major sources of carbonaceous aerosols are also different.
Rastogi et al. (2016) have also reported SOC estimation using different minimum OC/EC
ratios. Therefore, the estimated contribution of SOCs from this method can be considered as

approximate values only.

Table 3.4 Secondary organic carbon (SOCs) concentrations with standard deviation (SD) and

their % contribution to organic carbon (OC) at Shahdara and Sampla sites in different

seasons.
Season Urban Rural
SOC %contribution | SOC %contribution
(£ SD) to OC (£ SD) to OC
Summer 6.42 45.50 5.79 48.95
(£3.58) (£5.20)
Post- September- | 8.66 27.85 5.78 44.25
Monsoon October (£10.39) (£5.36)
November | 11.33 25.89 23.37 29.27
(£15.04) (£25.97)
Winter 31.24 57.41 27.67 56.99
(£32.25) (£21.76)

75




As can be inferred from the Table 3.4, the % contribution of SOCs in the urban area is less as
compare to the rural area except during the winter season where the contribution is almost
comparable. During the summer season, the SOCs contributed 45.50 % to OC content in the
urban area as compare to the 48.95% in the rural area. However, the SOC contribution is
lowest (25.89%) in the month of November and the maximum (56.99%) contribution is
observed in the winter season over the urban area indicating that the combustion sources were
the main contributor to the OC concentrations during PoM (N). Similarly, in the rural area,
the maximum contribution is observed in the winter season and lowest in the month of
November. The seasonal trend in the SOCs contribution observed at both the Shahdara and

Sampla sites is Winter > summer> Post-monsoon.
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3.2 Solar irradiance studies over Delhi-NCR

This chapter describes the seasonal variation of the Global and Direct irradiance components
of the incoming solar radiation over the urban and rural regions in the Delhi-NCR. The
measurement of the solar irradiance gives an insight into the attenuation of the incoming solar
radiation over a region and the level of pollution present in the atmosphere. The seasonal

variation in the solar irradiance over Shahdara and Sampla sampling site is described below:
3.2.1 Global Irradiance Observations:

Summer Season
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Figure 3.15. Variation of Global Irradiance at Shahdara and Sampla during Summer season.

Figure 3.15 shows the variation of the average global irradiance over two sites in Delhi-NCR
in summer. The average global solar irradiance was found to be higher at Sampla
(maximum=1.24 Wm™ at 531 nm) than Shahdara (maximum=1.15 Wm™ at 531 nm) in
summer season. As observed there was no shift in the maxima at the two sites. Global
irradiance for the two sampling sites shows a maximum variation in the visible region (VR)

followed by slight variation in the near infrared region (NIR) of the solar spectrum. Latha and
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Badrinath (2005) also reported similar variations in global irradiance over Hyderabad. But at
shorter and longer wavelengths there is not much variation in the global solar irradiance at

the two sampling sites.

Post-Monsoon Season (September-October)
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Figure 3.16. Variation of Global Irradiance at Shahdara and Sampla during PoM (Sept-

October) season.

Figure 3.16 shows the variation of the average global irradiance over Delhi-NCR in PoM
(Sept-October) season. The average global solar irradiance was observed to be higher at
Sampla (maximum=1.04 Wm™ at 477 nm) than Shahdara (maximum=0.93 Wm™ at 531 nm)
in summer season. A shift in the maxima at the two sites can be observed. A good variation in
the average global irradiance can be observed between the Shahdara and Sampla sites in the
visible region (VR) and near infrared region (NIR) of the solar spectrum. But at shorter and
longer wavelengths there is a poor variation in the global solar irradiance between the two

sampling sites.
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Post-Monsoon (November)
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Figure 3.17. Variation of Global Irradiance at Shahdara and Sampla during PoM (November)

s€ason.

Figure 3.17 shows the variation of the average global irradiance at the Shahdara and Sampla
sampling sites in the month of November in the post-monsoon season. The average global
solar irradiance was found to be higher at Sampla (maximum= 0.65 Wm™ at 581 nm) than
Shahdara (maximum= 0.47 Wm™ at 581 nm) in the month of November. No shift in the
maxima is observed between the two sites. Global irradiance at the two sampling sites shows

a significant variation throughout the entire solar spectrum.
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Winter Season
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Figure 3.18. Variation of Global Irradiance at Shahdara and Sampla during Winter season.

The variation of the average global irradiance at the Shahdara and Sampla sites in winter is
shown in Figure 3.18. The average global solar irradiance was observed to be higher at
Sampla (maximum=0.58 Wm™ at 531 nm) than Shahdara (maximum=0.52 Wm™ at 581 nm)
in winter season. This may be on account of high pollution levels at the urban site compare to
rural site during this season. The variation in the visible and near infrared region could be
observed. However, in the UV region not much variation in the global irradiance values could

be observed.
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3.2.2 Direct Irradiance Observations:

Summer Season
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Figure 3.19. Variation of Direct Irradiance at Shahdara and Sampla during Summer season.

Figure 3.19 shows the variation of the average direct irradiance at the Shahdara and Sampla
sites in Delhi-NCR respectively, in summer season. The observed direct irradiance values
were similar at the two sites during the summer season. The average direct irradiance was
observed in Sampla with maximum = 0.424 Wm™ at 604nm and Shahdara with maximum =
0.428 Wm™ at 604nm. However, a slight, though not very significant, variation in the near
infrared region of the spectrum could be seen. The comparable direct irradiances at the urban
and rural sites could be due to the presence of dust aerosols which scatters the incoming solar
radiation, on account of dust storms and wind-blown dust from the vast agricultural fields

during this season.
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Post-Monsoon Season (September-October)
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Figure 3.20. Variation of Direct Irradiance at Shahdara and Sampla during PoM (Sept-

October) season.

Figure 3.20 shows the variation of the average direct irradiance at the Shhadara and sampla

sites during the PoM (S-O) season. The average direct irradiance was found to be slightly

lower in Sampla with (maximum=0.461 Wm™ at 605nm) than Shahdara (maximum=0.465

Wm™ at 604 nm). Direct irradiance did not show much variation in the VR and NIR of the

solar spectra; however, slight variation can be seen in the longer wavelengths of the solar

spectrum. Such negligible variation in the direct irradiances during this season could be due

to the presence of high altitude clouds which are not otherwise visible to the naked eye.
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Post-Monsoon (November)
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Fig. 3.21. Variation of Direct Irradiance at Shahdara and Sampla during PoM (November)

s€ason.

Figure 3.21 gives the variation of the average direct irradiance over Delhi-NCR sites in
November. A significant variation in the direct irradiances at the Shahdara and Sampla
sampling sites could be observed in the PoM (N). The average direct irradiance was found to
be higher in Sampla with (maximum = 0.30 Wm™ at 678nm) than Shahdara (maximum= 0.17

Wm™ at 780nm) in PoM (N).
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Winter Season
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Fig.3.22. Variation of Direct Irradiance at Shahdara and Sampla during Winter season.

Figure 3.22 shows the variation of the average direct irradiance over Delhi-NCR respectively,
in winter. The average direct irradiance was found to be higher in Sampla with
(maximum=0.29 Wm?nm™ at 678nm) than Shahdara (maximum=0.23 Wm?nm™ at 678nm)
in summer 2015. There is no shift in the maximum at the urban and rural site. Direct

irradiance is found to be varying considerably in the VR and NIR of the solar spectra.
3.2.3 Global and Direct irradiances averaged over 325-1075nm wavelength band:

The global and direct irradiance for the entire wavelength band 325-1075 nm have been
observed (Table3.5). From Table (3.5) it can be observed that the global and direct insolation
decreased from summer (maximum) to winter. The global insolation was found o be the
minimum during the PoM (N) at the urban site indicating the greater attenuation of solar
irradiance at the urban site during this period. Again, the solar irradiance (both global and
direct) was observed to be increasing from the PoM (N) to winter season at the urban site
indicating the effect of the aerosols on the solar radiation. But at the rural site it was found to

be comparable in both the PoM (N) and winter seasons.
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Table 3.5 The global and Direct Irradiance (Wm'z) value for the 325-1075 nm wavelength

band
Global Irradiance (Wm™) | Direct Irradiance (Wm™)
Shahdara Sampla Shahdara Sampla
Summer 559.01 595.88 208.19 211.91
Post- Sept-Oct 459.72 498.34 232.02 231.45
Monsoon November 238.87 294.06 84.50 155.07
Winter 262.94 293.96 118.88 150.51
Discussion

As can be seen from the solar radiance studies over Delhi and Haryana, both global and direct
irradiances have been consistently low over the urban site showing a “dimming” effect over
the urban area, as compare to the rural site in almost all the seasons viz. summer, PoM and
winter seasons. These studies show that the effect of air pollution is more pronounced in the
urban area as compared to the rural area. As is indicated by the PM; 5 concentration levels in
the previous section, the concentration level increased from summer to winter.
Correspondingly, the average global irradiance values at the urban site observed a shift in the
maximum from summer (531 nm) to more polluted PoM (N) & winter season (both at 581
nm) towards the longer wavelengths. Similar shift in the maximum global irradiance from
clean to polluted days towards the longer wavelengths have been observed in other studies by
(Lorente et al. 1993; Jacovides et al. 2000). Similar shift have been observed for the direct
irradiance maximum as well. However, at the rural area, shift in the maximum values of
global and direct irradiances from summer season (less polluted) occurs in the PoM (N) and
Winter seasons (most polluted) only. This may be due to the large scale agricultural residue
burning during this month by the farmers. Attenuation processes such as scattering and

absorption by the aerosols may cause a change in the solar radiation under the absence of

cloud in the atmosphere.
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3.3 Urban-Rural aerosol characteristics and Solar Insolation Relationship

The figures 3.23 shows the association between the difference in PM; s concentrations (PM; s
ifr)) between the two sites and integrated global solar irradiance at the Shahdara and Sampla
sampling sites during the summer, post-monsoon and winter seasons. Similarly, figure 3.24
shows the PM,s (piry and direct irradiance association during the three seasons at the

Shahdara and Sampla sampling sites.
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Figure 3.23. Seasonal associations of the PM; s (difference) concentration and global solar

irradiance at the Shahdara and Sampla.

Table 3.6 shows the variation of the difference in PM, 5 concentration and Global and Direct
irradiances at the Shahdara and Sampla sites. Global irradiance is always higher at the
Sampla site than the Shahdara site in all the seasons. During the summer season, the
difference in PM; s concentration is high (47.84 pg/m3 ) and global irradiance is high at both
the sites (around 500 Wm'z). In the PoM (S-O), the concentration difference increases
slightly, the global irradiance also decreases at both the sites. The difference in the PM;s
concentrations is lowest in the month of November at the two sites and the global irradiance
is also lowest during this month. As during the PoM (N), extensive biomass burning activities

greatly increases the amount of aerosols in the atmosphere which may lower the amount of
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solar irradiance reaching the Earth’s surface. But in the winter season, even though the
concentration difference increases from November (and is maximum), there is a slight

increase in the global irradiance at both the sites.
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Figure 3.24. Seasonal associations of the PM, s (difference) concentration and direct solar

irradiance at the Shahdara and Sampla.

From figure 3.24, the direct solar irradiance is comparable at both the Shahdara and Sampla
site in the summer season. During the post-monsoonal months of September-October, there is
a slight increase in the PM; s concentration difference, but the direct irradiance is higher in
the Shahdara site as compared to the Sampla site. Again in the month of November, the
difference in the concentration is the minimum but there is a sharp dip in the direct irradiance
over Shahdara site (64.03 Wm™) from the PoM (S-O) compare to the Sampla site (155.07
Wm'z). Further, during the winter season, the concentration difference is maximum, the direct
irradiance increases (84.50 to 118.88 Wm™) significantly over Shahdara site but at the

Sampla site there is a slight decrease in the direct irradiance values (155.07 to 150.51 Wm™).
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Table 3.6 Seasonal variations of the PM,s concentration difference, Global and Direct

Irradiance at Shahdara and Sampla sites.

PM, 5 Concentration | Global Irradiance | Direct Irradiance
(Difference) (Wm™) (Wm?)
(ng/m’)
Shahdara | Sampla Shahdara | Sampla
Summer 47.84 559.01 595.88 208.19 211.91
Post- Sept-Oct | 48.60 459.72 498.34 232.02 231.45
Monsoon
November | 13.62 238.87 294.06 84.50 155.07
Winter 63.93 262.94 293.96 118.88 150.51

3.3.1 Carbonaceous aerosols and solar irradiance

This section deals with the seasonal association of the carbonaceous aerosols- elemental and
organic carbon with the global and direct solar irradiances at the wavelength of 550nm at the

Shahdara and Sampla sites.

Figures 3.25 and 3.26 show the association between the organic carbon and solar irradiances
at 550 nm wavelength at the Delhi and Haryana site respectively. Figure 3.27 and 3.28 show
the association between the elemental carbon (EC) and direct and global irradiance at 550 nm

wavelength at the Delhi and Haryana sites respectively.
3.3.2 Organic Carbon (OC) and Solar irradiance association

As can be seen from the figure 3.25 and 3.26, there is a negative association between the OC

and solar irradiance at Shahdara and Sampla sampling sites.
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At Shahdara Site

Figure 3.25 shows the seasonal association of the organic carbon and solar irradiance (global
and direct) at Shahdara site. During the summer and PoM (S-O), the OC content is low but
the global irradiance is high but direct irradiance is low. But during the PoM (N), the OC
content increases on account of biomass burning in the surrounding rural area and the local
pollution levels during that period, both direct and global irradiance take a sharp dip from the
PoM (S-O). However, during the winter season, OC is maximum in Delhi but direct and
global irradiances increases slightly from the PoM (N). Even though the pollution level was
observed to be higher during this season, sky was generally clear during the sampling
duration. This could be the reason for an increase in direct solar irradiance from the month of

November during the winter season.
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Figure 3.25 The seasonal association of the organic carbon (OC) and solar irradiance (global

and direct) at Shahdara site.
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At Sampla site

Similar pattern has also been observed in the Sampla (rural site) (figure 3.26). During the
Summer and PoM (S-O), the OC levels are low, global and direct irradiances are also high
but during the PoM (N), solar irradiances are minimum, when the OC is maximum. The OC
levels drop sharply during the winter but the direct and global irradiances increases slightly
from the PoM (N) levels. This shows the effect of aerosols on the solar irradiance produced

during the biomass burning activities in the PoM (N) season.
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Figure 3.26 The seasonal association of the organic carbon (OC) and solar irradiance (global

and direct) at Sampla site.

90



3.3.3 Elemental carbon (EC) and Solar Irradiance Association

EC vs. Solar Irradiance@550nm_Shahdara
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Figure 3.27 The seasonal association of the elemental carbon (EC) and solar irradiance

(global and direct) at Shahdara site.

The association of EC is observed to be similar to that of OC with the solar irradiances at the
Shahdara site (Figure 3.27). During the summer season, EC is minimum in the Delhi with a
high global and low direct irradiance values. But in the PoM (S-O) season, the direct
irradiance is maximum but global irradiance decreases from summer in Shahdara. From June
to November there is sharp and steady increase in the EC values. However, during the month
of November, direct irradiance is minimum when the EC is maximum. In the winter season,
the EC values observe a sharp dip from the November with an increase in the global and

direct irradiances.
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EC vs. Solar Irradiance@550nm_Sampla
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Figure 3.28 The seasonal association of the elemental carbon (EC) and solar irradiance

(global and direct) at Sampla site.

Similar association has been observed at the rural site (Figure 3.28). As the EC values
increase from the Summer (minimum) to Winter with PoM (N) showing the maximum value,
the solar irradiance values - both global and direct, decreases gradually from summer
(maximum) to winter season with a minimum in PoM (N) season. At the Sampla site as well,
a slight increase in the solar irradiances is observed in the winter season from PoM (N)

season.
3.4 Radiative Forcing

Figures 3.31, 3.32, 3.33 and 3.34 shows the variation of the CERES measured outgoing
shortwave fluxes at surface (SRF) and at top of the atmosphere (TOA) and co-located
MODIS-Aqua observed aerosol optical depth (AOD) at 550nm for the April-May-June
(AMJ) months comprising Pre-Monsoon (PrM), September-October-November (SON) as
Post-Monsoon (PoM) and December-January-February (DJF) as winter (W) seasons over
Delhi and Haryana sampling sites. Table 3.7 and 3.8 list the radiative forcing efficiency (), in
WmZAOD™) and clear sky fluxes at SRF and TOA over Delhi and Haryana sites in PrM,
PoM and W seasons, respectively. The calculated aerosol radiative forcings and associated
errors/uncertainties are shown in Table 3.9 and 3.10 at SRF, TOA and in the atmosphere over

Delhi and Haryana respectively.
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The aerosols properties such as AOD, single scattering albedo (SSA) and Angstrom exponent
(AE) are listed in the Table 3.11.

The aerosol radiative forcing over Delhi and Haryana sites have been calculated using the
slope and intercept method as explained in chapter 2. All the regression analyses were within
95% significant level (p<0.05) except in the PoM at TOA in Delhi which was below the 95%
significant level. Hence the aerosol radiative forcing at TOA over Delhi in PoM has been
excluded from the analysis. The TOA analysis over Haryana for the PoM season was also not

performed because of the excessive cloud contamination in the data.

Aerosols short wave radiative forcing efficiency, 1 (in Wm'zAOD'l), represents the change in
the short wave aerosol radiative forcing per unit change in AOD. The magnitude of 1 is given
by the slope of the regression equations between AOD and fluxes at SRF and TOA
respectively. However, its sign varies in both the cases. The sign of 1 at SRF is same as that
of the slope in the regression equations but in the case of TOA, it is opposite to that of the
slope of regression equations (Chapter 2). The radiative forcing efficiency in the atmosphere

will be estimated by the difference between the 1 at the SRF and TOA.

The flux at SRF decreases with the increasing AODs indicating a negative association in all
the three seasons. This negative association indicates the attenuation of the incoming solar
radiation at the surface in all the three seasons over both Delhi and Haryana (Figure 3.31 &
3.22). The instantaneous radiative forcing efficiencies over Delhi are -47.908 Wm>AOD™ (r
=-0.31), -219.19 Wm?AOD™ (r = -0.65), and -122.42 Wm™?AOD™' (r = -0.45) during the
PrM, PoM and W seasons, respectively. Similarly, over Haryana, the instantaneous radiative
forcing efficiencies are -63.93 Wm™>AOD™ (r = -0.4), -285.24 Wm™~AOD™' (r = -0.74) and -
134.7 Wm?AOD" (r = -0.48) during the PrM, PoM and W seasons, respectively. The
seasonal variability in the m values maybe due the seasonal variation in the aerosol
composition. The observed n values were lower than the reported n values in other studies
during the pre-monsoon season. Singh et al., 2005 reported -136.30 Wm™?AOD™ during
April- June 2003, Gautam et al., 2010 during the April-June (2006-2007) reported very high
value of 11 (-188.00 Wm™?AOD™) at the surface over Kanpur.
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In contrast to the association of surface fluxes with the AOD, TOA fluxes have a positive
association with the AOD. The TOA fluxes were observed to be increasing with the
increasing AOD values in the PrM and W seasons over Delhi and Haryana (Figure 3.33 &
3.34). This increase in the fluxes at the TOA with the increasing AODs may indicate towards
the backscattering of the incoming solar radiation by the aerosols thereby leading to cooling
at the TOA. The instantaneous shortwave TOA radiative forcing efficiencies over Delhi are -
15.22 WmAOD™ (r = 0.36) and -9.49 Wm™>AOD™" (r = 0.30) during the PrM and W seasons
respectively over Delhi. Similarly, over Haryana, the instantaneous radiative forcing
efficiencies are -14.55 Wm>AOD™ (r = 0.40) and -6.44 Wm™>AOD™" (r = 0.23) during the
PrM and W seasons respectively. The relatively weak association of the outgoing shortwave
fluxes at TOA with AOD could be due to the increased surface albedo. The average surface
albedo over Delhi and Haryana during all the seasons, however, was observed to be constant

0.151 and 0.149 respectively.
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Figure 3.31. Variation of surface (SRF) solar fluxes in PrM, PoM and W seasons at Delhi site.
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Figure 3.32 Variation of surface (SRF) solar fluxes in PrM, PoM and W seasons at Haryana site.

This simultaneous decrease in surface fluxes and increase in TOA fluxes with the AOD
indicate the increase in both the absorption and scattering of the solar radiation by the
aerosols. The aerosol forcing efficiencies at TOA during the PrM and W seasons were 3-4
times lower than the aerosol forcing efficiencies at the SRF. Their differences (+ 32.69 Wm~
’AOD™ in PrM and +112.93 Wm™ AOD"" in W) over Delhi and over Haryana (+ 49.374 Wm’
AOD™ in PrM and + 128.26 Wm?AOD™ in W) implies the significant warming in the

atmosphere with per unit increase in the AOD over these two sites.
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Figure 3.33 Variation of top of the atmosphere (TOA) fluxes with AODssy in PrM and W
seasons at Delhi site.
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Figure 3.34 Variation of top of the atmosphere (TOA) fluxes with AODssp in PrM and W
seasons at Haryana site.
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Table 3.7. The seasonal radiative forcing efficiency (1) and Clear sky flux (F°) variation at

surface (SRF) and top of the atmosphere (TOA) over Delhi.

SRF TOA

PrM PoM w PrM PoM w
n -47.908 | -219.19 |-122.42 | -15.216 | - -9.4877
F° 922.33 | 832.03 |673.72 |53.211 |- 40.79

Table 3.8. The seasonal radiative forcing efficiency (1) and Clear sky flux (F°) variation at

surface (SRF) and top of the atmosphere (TOA) over Haryana.

SRF TOA

PrM PoM w PrM PoM W
n -63.928 | -285.24 |-134.7 -14.554 | - -6.437
F° 935.16 | 864.15 |678.99 |56.431 - 44.02
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Table 3.11. The seasonal single scattering albedo (SSA), (AE) and Aerosol Optical Depth (AOD)

variations over Delhi and Haryana.

Delhi Haryana

PrtM PoM W PrtM PoM W
AOD 0.86 0.83 0.77 0.85 0.73 0.68
SSA 0.96 0.95 0.96 0.95 0.95 0.96
AE 1.22 1.35 1.61 1.25 1.34 1.55

Tables 3.9 and 3.10 compare the radiative forcing at the SRF, TOA and in the atmosphere (ATM)
by using the intercept and slope methods as explained in chapter 2 over Delhi and Haryana
sampling sites respectively in the PrM, PoM and W seasons for the year 2015. In Delhi (Table
3.9), similarities in some of the radiative forcing values from the two methods were observed.
The Fsrr values were found to be similar in the PoM and winter seasons, whereas, Froa and Fatm
values were observed to be similar in the winter season only. However, in the PrM, except Froa
(13.04 W/mz), both Fsgr and Fomv values were observed to be slightly different by the slope and
intercept methods, however within the error range. In Delhi, the radiative forcing at the SRF was
observed to be higher in PoM and W compare to PrM season. Maximum forcing was observed in
the PoM at the SRF. SRF radiative forcing followed the trend PrM<W<PoM. However, the trend

for Froa was found to be PrM>W but for F1y it was observed to be PrM<W.

In Haryana (Table 3.10), similarities in the radiative forcing values from the two methods were
observed at the TOA only during the PrM and W season. Fsgr and Fary values were observed to
be different in all the seasons by the intercept and slope methods. Similar trends were observed
for the radiative forcing over Haryana with SRF radiative forcing following the trend
PrM<W<PoM. The trend for Froa was found to be PrM>W and for Famv it was observed to be

PrM<W. The Famy values indicate the warming in the atmosphere whereas the Fsgr and Froa
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indicate cooling at the SRF and TOA, respectively. In Haryana also, the maximum forcing was

observed in the PoM at the surface.

Positive aerosol atmospheric forcing from PrM (23.12 W/m?) to W (73.57 W/m?) could be
observed over Delhi site with the associated with negative aerosol radiative forcing at SRF and
TOA (cooling), indicating the presence of higher concentration of aerosols during the winter
season as is indicated by the higher PM; s concentration level (Chapter 3). Similar pattern of the
atmospheric forcing was observed in the Haryana region as well. However, the aerosol
atmospheric forcing was observed more in the Haryana region (33.82 — 41.83 W/m?) as
compared to the Delhi (23.12 — 29.54 W/m®) during the PrM season. This might be due to the
presence of large amount of dust aerosols (coarser mode) on account of dust storms and wind-
blown dust from the vast open dry agricultural fields during the summer season than Delhi where
fine mode aerosols dominate even during the summer season. Slope method observed the higher
winter season atmospheric forcing (+87.07W/m?) over Haryana site than the Delhi site, whereas
intercept method reported a comparable atmospheric forcing over the two sites. Not much
significant difference in the atmospheric forcing values during the winter season could be
observed at both Delhi and Haryana sites. Also, the single scattering albedo (SSA) has been
observed to be constant over the Delhi and Haryana region (Table 3.11) and its higher values
shows the dominance of scattering aerosols. Also, in all the seasons, at both Delhi and Haryana
sites, the AE > 1 indicating the presence of coarser mode particles (For example, dust) to a large
extent as compare to finer mode particles. The variation in the AOD also was not observed to be
very significant at both Delhi and Haryana in PrM, PoM and W seasons respectively. Since the
region around the Delhi is rapidly urbanizing and the close proximity of the two sampling sites
(approx. 60 kms) could be the reason for the similar aerosol properties and hence the atmospheric

radiative forcing over the Delhi- and Haryana sampling site.
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CHAPTER -1V

CONCLUSIONS




Chapter 4 Conclusion

The PM, 5 aerosol physical properties such as their shape and size as well as chemical properties
like concentration and carbonaceous content (organic and elemental carbon) were monitored and
studied in the summer, post-monsoon and winter seasons over an urban and rural location in

Delhi-NCR.

The PM, 5 concentrations were observed to be consistently higher at the urban site than the rural
site in all the studied seasons. However, the rural site observed exceptionally high PM;;
concentration during the month of November in the Post-Monsoon season which could be due to
the post-harvesting biomass burning events taking place during this month. The concentration
trend observed at the urban site was Winter > PoOM(N) > PoM (S-O) > Summer and at the rural

site was PoM (N)> Winter > PoM(S-0) > Summer.

The shape and size of the particles were analysed with the help of SEM technique. At the urban
site, in the summer season, flaky, fluffy irregular shaped agglomerates dominated at the urban
site. In the September-October months of post-monsoon season, the small agglomerates of
ultrafine particles were observed in abundance along with a few individual spherical large
particles. The November month in the post-monsoon season observed the large number of
spherical, round, irregular shaped and agglomerates of ultrafine particles whereas, in the winter
season the urban site was mainly dominated by the aggregates/agglomerates of the smaller
particles. The number of individual particles observed at the urban site during the winter season
was very less as compared to the other seasons. The SEM analysis has shown that soot was
observed to be the major component of PM,s aerosols at the urban site in all the seasons

indicating the dominance of anthropogenic sources.

In the summer season ultrafine spherical and irregular shaped particles were observed at the rural
site. The presence of crystalline particles of different shapes was also observed indicating the
presence of dust during this period. Small aggregates of the soot were also observed at the rural

site which could be due to biomass burning in the households for cooking purposes. But overall
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the rural site was observed to be relatively cleaner than the urban site. In the Post-Monsoon (S-O)
season, the rural site observed round, crystalline and fluffy (soot) particles. PoM (N) period was
found to be dominated by spindle/bead shaped as well as few round particles. Winter season was
found to be dominated by soot agglomerates, spherical, spindle/bead like and irregular shaped
particles. The number of individual particles could be observed more at the rural site than those at
urban site. The particle morphology indicated the presence of both natural (dust) and

anthropogenic sources.

The size distribution curves showed a log-normal size distribution at both the urban and rural site
in all the seasons. During the summer season, the geometric mean (u,) was observed to be similar
at the two sites but the spread of the distribution curve (o,) was more at rural site than the urban
site. At the urban site, the dominant size range is the 0.2 - 1.4pum whereas at the rural site 0.1 —
2.0 pum indicating the presence of coarse mode particles such as dust or crystalline particles in
good amount at the rural site. In the PoM (S-O), the geometric mean was observed to be higher
at the rural site than the urban site but the spread of the distribution curve was similar at both the
sites. The rural site was observed to be dominated by the particles in the size range 200- 900nm
(maximum at 0.4 - 0.5 pm) and particles in the size range 200 -700nm (maximum at 0.40 pm)
dominated at the urban site. PoM (N) showed that the urban aerosols were observed to be
dominant in the 0.1-1um size range (fine mode particles) and rural samples were found to be
dominant in the range 0.5- 2.0 um (fine + coarse mode). The geometric mean was observed to be
higher at rural site than the urban site but the spread of the distribution was more at urban site.
During the winter season, at the urban site, the particles were observed to be in the size range of
0.4 — 2.0 um size range whereas at the rural site, the particles were observed in the 0.2 — 2.0 um
size range. Distribution curve in the urban as well as rural site observed a peak around the size
range of approximately 0.5-1.4 um. Urban and rural site were dominated mainly by the PM; s
particles in the size range up to 1.0 um with peak values around 0.5 um in all the seasons except
PoM (N) at the rural site. Rural site in PoM (N) was found to be dominated by the coarser mode

particles (size > 1um).
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Carbonaceous content (EC and OC) was found to be highly variable at both the urban and rural
sites during the studied seasons. OC/EC ratios were observed to be similar at both the urban and
rural sites during the summer, PoM (S-O) and PoM (N). In winter OC/EC ratio at the rural site,
was 2 times higher than that observed at the urban site. In seasonal comparison at rural site, the
OC/EC ratio in winter was approximately 3 times higher than that observed in summer. Very
high EC (35.96pug/m?) and OC (65.08ug/m?) concentrations were observed at rural site during the
month of November on account of biomass burning activities. At urban site, OC concentrations
followed the trend: Winter > PoM (N)> PoM (SO) > Summer whereas EC showed a trend: PoM
(N) > Winter > PoM (SO) > Summer. At rural site, for both OC and EC concentration, the trend
observed was PoM (N) > Winter > PoM (SO) > Summer. The secondary organic carbons
contribution was observed to be maximum during the winter season at both the sites followed by

summer, PoM (S-O) and PoM(N) season.

The global solar irradiances were observed to be higher at the rural site in all the seasons. The
Direct irradiances were observed to be comparable at both sites during summer and PoM (S-O)
seasons but were significantly higher at the rural site in PoM (N) and winter seasons than the
urban site. Further, the solar irradiance studies over the urban and rural site have shown a

dimming effect over Delhi.

The association between the OC, EC and solar irradiance showed an inverse relation in almost all
the seasons. The association between the PM, s (Diff.) and global and direct irradiances were also
observed to be negative. The estimated radiative forcing over Delhi and Haryana (NCR) site was

observed to be higher in winter as compare to summer season.
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Abstract

Present study investigates the urban-rural variation of aerosols morphological
and chemical characteristics. Summer and winter time 24 hourly sampling for
PM; s was carried out at an urban and rural location in Delhi and National
Capital Region (NCR) using a Mini-Volume Air Sampler. High PMas
concentrations were observed at the urban site (87.3ug/m?, 155.56ug/m®)
compared to those at the rural (39.46pg/m>, 91.62ug/m®) in summer and
winter seasons respectively. Scanning Electron Microscopy (SEM) and
Energy Dispersive X-Ray Spectroscopy (EDX) were used to characterise the
PM; 5 aerosols in the urban and rural area in the two seasons. SEM images
shows different particle shapes at the urban and rural site in summer and
winter seasons. SEM results showed the presence of flaky, aggregates and
irregular shaped particles dominated in the urban area in summer season
whereas rural area was relatively cleaner. In the winter season, rural site was
observed to be dominated by spherical and irregular shaped particles
indicating the combustion sources whereas particles were observed in a more
concentrated form at the urban site. EDX analysis indicates the varying
percentages of C, Cu, Zn, Co, Ni, Fe (representative elements) at both the rural
and urban sites in both the seasons. Hybrid Single-Particle Lagrangian
Integrated Trajectory (HYSPLIT) three day backward air mass trajectories
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indicated the influence of Western and N-W air masses over Delhi-NCR for
both the summer and winter seasons respectively. Further, this study reveals
the variability of PMa s particles morphological and elemental composition in
different seasons at urban and rural locations and highlighted the different
probable sources associated with them.

Keywords: PMzs; SEM-EDX; urban-rural; elemental composition

INTRODUCTION

The deteriorating air quality in the megacities and the surrounding rural areas have
become a matter of concern in the both the developed and developing world. In India,
the PMays (particles with diameter < 2.5um) aerosols monitoring have gained
importance over the last decade because of their vital role not only in the regional
climate studies but in other aspects, such as the air quality, human health, socio-
economic and cultural, as well. The National Capital, Delhi, is experiencing rapid
economic growth and urbanization which has resulted in the severe air pollution
scenarios in the last few years (Hazarika and Srivastava, 2016). The rapidly increasing
population and therefore the increasing energy consumption have also helped in
alleviating the problem. The National Capital Region (NCR), comprises of the various
towns and villages of three states such as Haryana, Uttar Pradesh and Rajasthan which
share their border with Delhi, is one of the commercially important and a rapidly
urbanizing region. This increase in air pollution, esp. the PMx s levels, play a major
role in the regional/local climate change because of their small size and large
residence time.

Depending upon their composition certain particles can cause "cooling" (e.g. sulphate
aerosols) or "heating" (e.g. Black Carbon) by scattering/absorbing the incoming solar
radiation (Massling et al. 2015). The morphological properties of the particles are
useful in understanding the light scattering properties of the particles (Buseck et al.
2000). Light scattering properties depend upon the particle’s shape and size and
refractive index. The shape and size of the particles differ from region-to-region and
seasonally, thus changing their optical properties such as Single Scattering Albedo
(SSA), Extinction Efficiency (Qext) and Assymetry parameter (g) (Mishra et al. 2015).
Therefore, regional and seasonal specific ground based measurements regarding the
PM; 5 aerosols physical and chemical properties is required in order to understand
their optical properties and hence their role in regional climate change.

Imaging techniques, such as Scanning Electron Microscopy (SEM) or Transmission
Electron Microscopy (TEM) coupled with the Energy Dispersive X-Ray Spectroscopy
(EDX) are one of the very useful and powerful techniques to gain an insight into the
morphological properties of the particulate matter (Paoletti et al. 1999; Casuccio et al.
2004).These properties help in identifying the possible sources of the particles.
Detailed review of the particles morphology have been provided by Posfai and
Buseck (2010). These techniques have been used both nationally and internationally
to study the physical and chemical properties of the PM> 5 aerosols (Tasic et al. 2006;
Rodriguez et al. 2009; Pipal et al. 2011; Tiwari et al. 2015).
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Many studies regarding the PMz s characteristics covering different regions/locations
like urban, rural, natural background and different seasons have been carried out
globally (Viana et al. 2008; Putaud et al. 2010 ; Khan et al. 2010). Various studies
over Delhi have been carried out (Apte et al. 2011; Chelani et al. 2013; Trivedi et al.
2014 ; Tiwari et al. 2014 ; Tiwari et al. 2015; Pant et al. 2015) regarding the role of
particulate matter and their chemical and morphological properties but the same
information regarding the urban and rural scenario are very few (Pipal et al. 2011;
Rastogi et al. 2016). The capital Delhi has been reported to have the highest PM; s
concentration among 20 cities in the world (Steering Committee Report 2015). Some
studies have focussed on the indoor PM» s concentration in the rural area (Massey et
al. 2009; Joon et al. 2011; Mukhopadhyay et al. 2012) but the outdoor PM> 5 studies in
the rural area needs to be explored.

Present study is a comparative study of the PMxs levels, their morphological and
chemical properties and possible sources of these particles in the urban and rural
locations in Delhi-NCR in both the summer and winter seasons.

METHODOLOGY
Study area

The Delhi-NCR comprises area of 58332 km? with a population of 56.88 million. The
population of Delhi increased from 13 million in 2001 to 16 million in the year 2011
(Census of India, 2011). Delhi has seen a 3.63% surge in the energy demand from the
year 2005 to 2015. Also, in Delhi the number of registered vehicles has been reported
to be 8.8 millions (2014-15). Increase in number of vehicles such as cars, taxis, jeeps,
auto rickshaws, buses etc. and two-wheelers like scooters and motor cycles has led to
an increase in the pollution levels in Delhi (Economic Survey of Delhi, 2014-2015).
Delhi-NCR falls in a semiarid climate zone experiencing different seasons during the
course of a year namely, Summer (April-June), Monsoon (July-August), Post-
Monsoon (September-November), winter (December- January) and spring (February-
March). Summers are usually long with temperature going up to as high as 45°C
during daytime (Guttikunda and Gurjar, 2012). The winters are generally cold with
calm winds and temperatures going as low as 4-5°C. A strong inversion layer forms
over the region during the winters. The average annual rainfall in this region is
approximately 670mm. The wind direction is generally north-westerly throughout the
year except during monsoon period when it is south-westerly. Sampling was carried
out for summer (May-June) and winter (December-January) seasons for the year 2015
at two locations in Delhi-NCR briefly described below.

Sampling sites
Urban site

Shahdara, Delhi (28.68°N, 77.29°E) is one of the oldest and highly urbanized areas of
Delhi, consisting both the residential as well as industrial establishments around it.
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The sampling site was located near the main Loni Road which is a major arterial road
connecting Delhi and Saharanpur, (Uttar Pradesh). It is one of the busiest roads
experiencing heavy traffic 24 hours of the day. Loni Road comprises of many shops
such as of utilities, local eateries (dhabhas), printing presses, mechanics shops or
motor repairing shop/workshop and businesses mainly of plywood and timber. The
Shahdara Railway Station and Metro Station are located around two kilometers from
the sampling site.

Rural site

Sampla, Haryana (28.77°N, 76.76°E) in NCR which is situated around 60km away
NW of Delhi represented the rural site which was surrounded mainly by the vast
agricultural fields. A few factory establishments and one or two brick kilns are
established approximately 10kms away from the sampling site. The national highway
(NH-10) and Sampla railway station are located approx. 1-1.5 kms away from the
sampling site. Sampla is surrounded by the four major cities/towns such as
Bahadurgarh, Rohtak, Sonepat and Jhajjar which are around 20 -40 kms away from
the sampling site. Nearest is the Bahadurgarh (approx. 20kms away) which is an
industrial area with industries and factories ranging from shoe manufacturing, steel,
textiles and chemicals.

PM:2.s sampling
Sampling and quality control

Sampling for PM» s was carried out with the Tactical Air Sampler (TAS) Mini-Vol®
Air sampler (Airmetrics) with a constant flow rate of 5SL/min for 24 hours a day. The
sampler works with a rechargeable lead-acid battery with a 24 hour backup with low
flow and low battery shut-offs. PM2.5 sampling was carried out using Whatmann
quartz fibre filters (47mm) for 5 days each in both the summer and winter seasons at
Shahdara and Sampla respectively. The sampler was placed at a height of 1.5 meters
above the floor level of the second floors of residential buildings at each sampling site
throughout the study. Filter papers were kept in dessicator with silica gel for 24 hours
both pre and post-sampling. Blank filters were also treated in the same way. The
sampler pump draws air at the rate of Slitres/minute, which is made to pass through an
impactor leading to collection of PMa2s on a quartz filter paper. After sampling the
samples were put in the aluminium foil covered petri dishes which were sealed with
the plastic cover and cellotape and stored in the refrigerator till further analysis.
Samples were weighed pre and post-sampling using microbalance (SARTORIUS
GD603) with 0.0001mg accuracy. Care was taken to handle the samples with the
forceps all the time. Weight of the samples was calculated gravimetrically. Field and
lab blank samples were collected and their concentrations were subtracted from the
measured concentrations. Total of 20 samples were collected at both the sampling
sites in the summer and winter seasons. The average temperature and relative
humidity during the sampling in Delhi-NCR in summer and winter months were
32.8°C, 50.7% and 13.4°C, 66.0% respectively (www.wunderground.com).
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SEM-EDX Analysis

SEM-EDX technique was used to analyze PM> s samples collected from the two sites
at Advanced Instrumentation Research Facility (AIRF) in Jawaharlal Nehru
University (JNU), New Delhi. The SEM-EDX analysis was carried out with the help
of a computer controlled scanning electron microscope SEM (Carl Zeiss EVO 40,
Cambridge) coupled with an energy dispersive X-ray (EDX) system (Bruker X-Flash
detector 3010, Germany). Prior to the SEM analysis, the samples were mounted on
aluminium stubs using double sided carbon tape for gold coating to make the samples
electrically conductive. A very thin film of gold (Au) was deposited on the surface of
each sample in vacuum coating unit called Gold Sputter Coater (POLARON-SC7640,
UK). The samples were placed in the vacuum chamber of SEM instrument at the
designated positions for analysis. The SEM working conditions were set at an
accelerating voltage of 20 kV, a beam current of 40 - 50nA. The images were
recorded at different magnifications 5000x, 10000x, 15000x with a resolution of
20nm. The EDX analysis system consists of Silicon Drift detector with 129eV
resolutions and detection limit of 0.1% is capable of collecting spectrum from
different points and elemental mapping. A quantitative and qualitative analysis of the
elements was done using EDX analysis. The EDX spectra of blank quartz fiber filter
was also measured and subtracted from the samples EDX spectra.

Backward trajectory Analysis

NCEP re-analysis data have been downloaded from the NOAA website
(ftp://ftp.arl.noaa.gov/pub/archives/reanalysis) for Hybrid Single-Particle Lagrangian
Integrated Trajectory (HYSPLIT) model configuration. HY SPLIT model control file
has been configured to run model at different heights for the three days backward
trajectory analysis in both the summer and winter season.

RESULTS AND DISCUSSION
Seasonal variation of PM2s

The average concentration of PM»s at the urban (Shahdara) site was found to be
relatively higher as compared to the rural site (Sampla) in both the summer and winter
seasons. The average PMys concentration in the urban site was measured to be
87.33pg/m® and 155.56pg/m* and in rural was 39.46pg/m* and 91.62ug/m?® in the
summer and winter seasons respectively (Figure 2). The average, minimum,
maximum concentrations and standard deviation at urban and rural locations in both
summer and winter seasons respectively are listed in table 1.
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Table 1. The average, minimum, maximum and standard deviation (S.D) of PM 5
concentration (ug/m?®) at urban and rural location in summer and winter season.

Location Summer Winter
Avg. Min. Max. S.D Avg. Min. Max. S.D
(hg/m)  (ugm’)  (ng/m’) (ng/m’)  (ug/m’)  (ug/m’)

Shahdara 87.30 41.66 152.70 39.04 155.56 69.40 263.88 89.14
(Urban)

Sampla 39.46 33.33 41.67 3.26 91.62 70.92 125.00 20.87
(Rural)

The standard deviation of PM2 s was observed to be highest at the urban site in winter
than in summer and lowest at the rural site in summer season. These average daily
concentrations at both the sites exceeded the 24 hourly average levels of Central
Pollution Control Board (CPCB)-NAAQS PM, 5 level (60 pg/m?*), WHO guidelines
(25 pg/m?) & US-EPA standards (35 pg/m?) except in the summer season at the rural
site which were below the prescribed 24 hourly CPCB-NAAQ Standards but
exceeded those of US-EPA and WHO standards.

Summer-Winter PM, s Concentration
Variation

100 -
30 -
; -
Sampla
Winter

(5] [§] 3]
= wn =
=] o] <
1 1 ]

Concentration(pg/m?)
’.£

Shahdara Sampla Shahdara

Sumnmer
Season

Figure 1. PM> 5 concentration at the sites Shahdara (urban) and Sampla (rural).
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1 um EHT =20.00 kv Signal A = SE1 Date 21 Mar 2016
l_l WD =12.0mm Mag= 10.00 KX Time :14:29:56

(22)

2um EHT = 20,00 kV Signal A = SE1
I WD =11.0 mm Mag= 10.00 K X Time :112:42:27
(2b)

Figure 2. SEM images of PM; s particles in summer season at the urban (2a) and rural
site (2b) in Delhi-NCR.
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The measured PM» s concentrations were found to be consistent with the previous
studies. During the summer season (Table 2), the measured PM> s concentration in the
Shahdara area was found to be higher than the concentrations reported in various
cities such as Chattisgarh (Durg City), Chennai, Pune, Lucknow and cities outside
India like Yokohama (Japan) but lower than those reported in Agra and Kanpur.
During the winter season, measured concentrations were found to be higher than
Chennai, Pune and Yokohama (Japan) but lower than Kanpur, Chattisgarh and Jinan
(China) but lie in between those reported at Lucknow. The PM2 5 concentrations in the
present study were also compared with the other studies reported previously over
Delhi. PM2 5 concentrations were observed to be higher during the winter season than
those reported by Tiwari et al. (2015) but lower than other studies (Trivedi et al. 2014;
Pant et al. 2015) and during the summer season, measured concentration was higher
than Pant et al. (2015) but almost comparable to Trivedi et al. (2014).

Table 2. Seasonal PM2 s concentrations (j1g/m?) in urban areas in India and outside

India.
Sites Summer Winter Reference
Delhi, India 87.3 155.56 Present study
Kanpur, India 136-232 172-304 Behera et al., (2010)
Yokohama, Japan 20.80+6.3 21.1549.5 Khan et al., (2010)
Agra, India 90.14+7.21 - Pipal et al., (2011)
Chattisgarh, India 83.5 215.0 Deshmukh et al., (2011)
Shanghai, China 65.4+16.8 Hou et al., (2011)
Jinan, China 143.25 204.89 Yang et al., (2012)
Fuzhou, China 23.58 59.81 Xuetal., (2012)
Chennai, India 67.0 74.0 Srimuruganandam and Nagendra, (2012)
Lucknow, India 34.3-71.0 144.7-189.3 *Pandey et al., (2013)
Kerala, India 12.37-25.6 - Ragi et al., (2013)
Delhi, India - 117£79.1 ‘Tiwari et al., (2015)
Delhi, India 86.4+26.8 221.1+£94.7 Trivedi et al., (2014)
Delhi, India 58.2+35.0 276.9+99.9 dPant et al., (2015)
Pune, India 76.1+£25.5 97.8+30.5 Yadav et al., (2015)

ab Concentrations from lower to higher level
¢ 4h sampling concentration
4 12h sampling concentration
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From Table 3, the measured concentration at the rural site during winter season is
comparable to those reported at other rural sites (Xu et al. 2002; Pachauri et al. 2013)
but higher than Rachma (Jordan) and lower than that in Agra (Kulshrestha et al.
2009), Wusumu (China) and Jinan (China). Measured rural concentration during the
summer season was found to be higher than Ragi et al. (2013) but lower than the rest
of the other studies. The studies regarding the PM> 5 concentrations during summer
season are very few may be because winter season is most important as far as air
quality of a region with respect to PM2 5 concentration is concerned.

Table 3. Seasonal PM; 5 concentrations (ug/m?®) in rural areas in India
and outside India.

Sites Summer Winter Reference

Haryana, India 39.46 91.62 Present study

Linan, China - 90.0+47.0 Xu et al. (2002)

Miyun, China - 683.14+233 Dan et al. (2004)
Rachma, Jordan - 25.0£7.0 Schneidenesser et al. (2010)
Wusumu, China 50.7 115.6 Han et al. (2008)

Agra, India 59.6+£20.6 127.0+£53.9 Kulshrestha et al. (2009)
Jinan, China 69.56 146.8 Yang et al. (2012)

Agra, India - 91.2+17.3 Pachauri et al. (2013)
Agra, India 89.12 £37.94 - Pipal et al. (2011)
Kerala, India 14.12-16.89 - “Ragi et al. (2013)

2 Concentrations from lower to higher level

The months of April-June characterise the summer season in the North India. During
the summer season, high atmospheric boundary layer and strong surface winds leads
to the proper dispersion of pollutants and therefore, less concentration near the
surface. This might be true up to a point in the rural areas as anthropogenic pollution
sources are far and few as compare to urban areas where they are present in large
numbers, thus, effectively keeping the pollution level high even during the summer
season. The other sources of PM s aerosols in the rural region may also include the
biomass burning (April-May; October-December), bio-fuels (wood and cow-dung
cakes) for cooking purposes, transport of pollutants by wind from the nearby
industrial areas and brick kilns (Guttikunda and Calori 2013). Heavy metals along
with the dust are also carried by the wind during the summer season, further
aggravating the air pollution and affecting the visibility (Pandithurai et al. 2008). High
level of PM2 s concentration over Delhi in both the summer and winter seasons could
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be because of significant amount of anthropogenic emissions such as vehicular, coal
based thermal power plants, which are also a source of sulphates, nitrates and
carbonaceous aerosols such as black carbon, brick kilns, dust from large scale
constructional activities, especially, in the urban areas, the burning of wood, coal,
garden cuttings, and dead leaves (Prasad et al. 2006; Chowdhury et al. 2007; CPCB,
2010; Guttikunda and Calori, 2013; Sharma et al. 2014). PM2 s concentrations during
winter in the Delhi-NCR are also affected by meteorological conditions (calm or no
winds and lower inversion height) leading to poor dispersion of pollutants causing
them to accumulate near the surface. The high level of anthropogenic aerosols during
the winter greatly affects the visibility of the region which badly hits the transport
sector both (air and ground), safety of the public, business and tourism (Singh and
Dey, 2012). Haziness of the sky, as a resut of anthropogenic aerosols, further plays an
important role in the solar irradiance attenuation studies (Ramanathan et al. 2001). As
solar radiation is one of the major driving force of various earth and life processes,
understanding the role of the aerosols interactions with the incoming solar radiation is
very important for various scientific, academic and industrial applications. Higher the
concentration of the aerosols, higher will be the attenuation of the incoming solar
radiation.

SEM Analysis

Seasonal variation in the particles morphology could be seen at both the urban and
rural sites through SEM application. The flaky, free, aggregated and irregular shaped
particles (Figure 2a) were found to be dominated in the urban areas during the
summer season. The SEM results show that the rural area samples were relatively
cleaner (Figure 2b) as compared to the urban area samples. However, ultrafine and
spherical shaped particles were found to be present in the rural samples during the
summer season but not in significant amount. The long tubular structures represent
the quartz filter fibres in all the SEM images. During winter season, the spherical,
aggregated and irregular shaped particles were found to be dominated in both the
urban and rural areas. The individual spherical, irregular shaped particles, which were
embedded in fibre filters, were more prominently observed at the rural site (Figure 3b)
as compared to the urban site where particles were observed to be in a much more
concentrated form on the fibre filter strands (Figure 3a). Particles with spherical shape
and smooth surfaces are generally characterised by the combustion processes at high
temperatures (Tasic et al. 2006). Various atmospheric models consider the spherical
shape of the particles for solar attenuation studies (Buseck et al. 2000). Irregular
shaped particles could be formed as result of aggregation (Rodriguez et al. 2009).
Similar results have been reported in other studies (Tasic et al. 2006; Pipal et al. 2011;
Tiwari et al. 2015). Soot particles were observed as aggregates of smaller particles at
both the rural and urban sites in the winter and at urban site in summer season. These
aggregates are often irregular shaped of different sizes. Soot particles are also known
to cause the “heating” of the atmosphere by absorbing the incoming solar irradiance
(Tiwari et al. 2015). Also, different processes of particle formation results in different
morphologies of the particles. Coagulation processes also result in irregular particles
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in the fine mode fraction. Breed et al. (2002) reported contribution of combustion
processes more to the fine mode fraction. In rural areas, combustion processes
generally include burning of biomass seasonally and bio-fuels for various purposes
such as cooking whereas in urban areas there are numerous combustion processes as
discussed above. Though the SEM analysis is a powerful tool to determine the shape
and size of the PM» s particle but it still has some limitations. For example, the SEM
analysis, cannot tell the presence of the hollow spherical particles. Given the complex
fibre structure of the quartz fibre filter, manual SEM analysis of the collected particles
is often limited by the heavily loaded samples which makes it difficult for the
individual particles to be analyzed effectively (Casuccio et al. 2004).

. )
EHT = 20.00 kY Signal A = SE1 Date 21 Mar 2016
WD = 95mm Mag= 1000 KX Time 17:30:58

(3a)

2um EHT = 20,00 kv Signal A = SE1 Date 21 Mar 2016 e
— WD = 12.0 mm Mag= 10.00 KX Time :13:13:19

Figure 3. SEM images of PM> s particles in winter season in the urban (3a) and rural
area (3b) in Delhi-NCR.
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EDX Analysis:

Figures 4 and 5 respectively show summer and winter variability of the elemental
composition of the PM; 5 aerosols at the urban and rural sites in Delhi-NCR.
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Figure 4. EDX results of elements in PM; 5 for urban and rural sampling sites during
summer.
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Figure 5. EDX results of elements in PM; 5 for urban and rural sampling sites during
winter.
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Trace elements

In summer season, the concentration of Zn was observed to be higher at the urban site
than the rural site, but was comparable in the winter season at both the sites. In urban
area, Cu was found to be slightly higher in winter than summer whereas, in the rural
area, Cu concentration was observed to be higher in summer season than winter.
Similar variation for Ni was also observed i.e. higher values during summer (rural
site) and winter (urban site) seasons. However, the concentrations of Fe and Co were
found to be decreasing in winter than summer season at both the sites. Again, Fe and
Co were found to be higher in rural area in both the summer and winter seasons as
compare to urban area. Presence of Zn and Ni at rural site could be due to diesel-
fuelled trucks plying on NH-10 throughout the day and tractors used for the
agricultural purposes (Reff et al. 2009). Delhi has two major coal based thermal
power plants, large amount of industrial and vehicular (including tire wear and brake
lining) emissions, combustible processes using coal and oil which could be the
sources of Ni, Cu, Zn and Fe (Hays et al. 2011; Sahu et al. 2011b; Patil et al. 2013;
Farao et al. 2014; Pant et al. 2015). Zn has also been associated with incineration
(Harrison et al. 1997). Fugitive dust, paints and varnishes for buildings doors and
windows have been reported as sources of Co (Srivastava and Jain, 2007; Reff et al.
2009).

Carbon

Carbon concentration was observed to be higher during winter at both the urban and
rural sites, but increase was observed to be higher in the urban area than the rural area
in both the summer and winter seasons indicating the effect of numerous sources,
such as biomass burning high amount of vehicular, industrial and coal based power
plants emissions which are the major sources of carbonaceous aerosols in the
atmosphere in urban areas (Prasad et al. 2006; Moreno et al. 2013; Singh et al. 2015)
and meteorological conditions. Biannual crop residue burning, using bio-fuels like
cow-dung cakes and wood for cooking and heating purposes in rural areas could be
the possible sources of carbon content in the rural atmosphere (Rastogi et al. 2016,
Pandey et al. 2017). The high amount of carbon in the urban area could indicate the
presence of absorbing aerosols in the urban atmosphere. These aerosols absorb the
incoming solar irradiance as well as outgoing terrestrial infrared radiation thereby
“heating” the atmosphere. This leads to the formation of urban heat island (UHI)
indicating the temperature over urban area is higher than the surrounding rural areas
(Pandey et al. 2014).

The observed trend in the summer season is: C>Zn>Cu>Ni>Fe ~ Co in Shahdara
whereas in Sampla it is Zn>C>Cu>Ni>Fe>Co. However, in winter season observed
trend in Shahdara is C>Zn>Cu>Ni>Fe>Co and in Sampla it is C>Zn>Cu>Ni~Fe>Co.
Similar trend of Zn > Cu has been observed in Navarra, Spain (Aldabe et al. 2011).

In Delhi, the diesel vehicles and industrial pollution have been ascertained to be the
major contributors to the pollution (Srivastava and Jain, 2008) whereas the other
sources such as mineral or soil dust, solid waste, gasoline vehicles, or paved road are
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found to be variable. However, in the present study, the variability in the elemental
composition at the two sampling sites is not found to be very significant. The
characterization and source identification of PM; s aerosols is very much important as
they have large residence time in the atmosphere and can be transported to a long
distance with wind thus greatly affecting the air quality and human health. The
elemental composition of the aerosols can also be used to study the solar attenuation
processes by various elements (e.g. Carbon).

Trajectory Analysis

Summer and winter-time three day backward air mass trajectories have been shown in
the Figure 6(a) and Figure 6(b) respectively. To understand the movement of air mass
at different heights, air mass trajectories were drawn at three different heights levels
from ground level i.e. 50m, 500m and 1000m. This was done to understand how
different air pollutants, especially aerosols, which have reasonably long residence
times, are being transported across various regions. During summertime, air mass
originates in the Arabian Sea and gradually moves towards Thar Desert and move
further towards the Delhi and NCR (Figure 6a). Delhi-NCR is under the influence of
the air masses from North-Western parts mainly Haryana-Punjab and Pakistan (Figure
6b). A downward movement of the air masses have also been seen in the trajectories
plots, which depict greater stability conditions. Higher atmospheric stability favours
the build up of pollutants in the atmosphere in Delhi-NCR during winter.
NOAA HYSPLIT MODEL

Backward trajectories ending at 1800 UTC 10 Jun 15
CDC1 Meteorological Data

w
c
i=]
™
8
@
==
=
| =
©
*
@
e
=
=}
172]

850

& | 901 900

5 949 950

w . pe—=g 1000

12 06 00 18 12 06 00D 18 12 08 00 18
06/10 06/09 06/08




1023 Purnima Bhardwaj et al

NOAA HYSPLIT MODEL
Backward trajectories ending at 1800 UTC 27 Dec 15
CDC1 Meteorological Data

Source * at multiple locations

hPa

(b)

Figure 6. Three-days backward trajectory from NOAA HYSPLIT model over Delhi-
NCR during the (a) summer and (b) winter season.

CONCLUSION

Measured PM> 5 concentrations were higher at the urban site as compared to the rural
site in both the summer and winter seasons. Irregular shaped and flaky particles were
found to be abundant in summer season whereas in winter, particles were in a
concentrated form at the urban site. Rural area SEM results show relatively cleaner
with presence of a few ultrafine and spherical particles during the summer season.
Spherical, irregular shaped particles dominated in the rural area in the winter season
indicating the presence of combustion sources such as biomass burning. Elements
such as C, Zn, Cu, Ni, Fe and Co indicating the presence of anthropogenic sources
were observed in varying concentrations at both the sampling sites in both the
summer and winter seasons. The HYSPLIT three day backward trajectories during the
summer season showed a North and North-westerly influence apart from local sources
emissions on air mass over Delhi-NCR. The air masses movements show the
characteristics of the area over which they passes. The comprehensive studies
regarding the aerosols properties need to be carried out further in order to understand
the role of aerosols in light scattering processes and hence, the regional /local climate
change.
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