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Abstract

Aerosols exhibit large spatio-temporal variabilities in their optical, phys-
ical and chemical properties, and can influence our planet by interacting with
incoming solar and outgoing terrestrial radiation. The objectives of the thesis
are to characterize the spatial and temporal variabilities in optical and phys-
ical properties of aerosols, source apportion black carbon aerosols, and to
estimate the aerosol radiative forcing and their seasonal variability over dis-
tinct environments (urban, and high altitude remote). Aerosol characteristics
were measured and examined over an urban (characterized by high aerosol
concentrations dominated by anthropogenic aerosols) (Ahmedabad (23.03°N,
72.55°E, 55 m above mean sea level (AMSL)), and a high altitude remote re-
gion (with low aerosol concentration dominated by transport mechanisms)
(Gurushikhar (24.65°N, 72.78°E, 1680 m AMSL). These study locations in west-
ern India are influenced by similar meteorology. The influence of atmospheric
aerosols on the Earth-atmosphere radiation budget is examined using radia-
tive transfer model. The shortwave aerosol radiative forcing is estimated us-
ing two single scattering albedo (SSA) values, one derived from the surface
measurements of aerosol scattering and absorption coefficients (Method 1),
and the other derived from remote sensing satellite measurement (Method 2).
Further, to delineate the impact of black carbon (BC) aerosols on the Earth-
atmosphere radiation budget the shortwave radiative forcing is computed for

BC aerosols only over both the study locations.

Over the urban site, Ahmedabad, high values of scattering (5,.,) and ab-
sorption (f,) coefficients are found during morning and late evening due
to a substantial increase in the anthropogenic activities and the atmospheric
boundary layer dynamics. The scattering and absorption coefficients decrease

as day advances (due to the evolution of the atmospheric boundary layer) and

iv



Abstract

attains a minimum value around afternoon. On the contrary, f,., and (., over
Gurushikhar are higher in the afternoon hrs when compared to forenoon and
night because of atmospheric boundary layer dynamics which when accom-
panied with strong thermal convection aid an upward movement of pollutants

to the observational site from the surrounding foothills.

The surface single scattering albedo shows a rare diurnal variability
over Gurushikhar when compared to Ahmedabad. The near surface SSA is
lower over Ahmedabad than Gurushikhar due to the dominance of absorb-
ing aerosols over Ahmedabad from the anthropogenic emissions. The diur-
nal variation in Angstré’m exponent (o), backscatter fraction (b), and asym-
metry parameter (g over Gurushikhar do not show any morning or evening
peaks as observed over Ahmedabad consistent with j,., and f,,s variations.
The maximum « observed during winter suggests the dominance of smaller
size aerosols. The minimum « and b, and maximum g found during mon-
soon suggest the dominance of larger particles reaching the observational site
from the marine region (Arabian Sea). The aerosol optical depth (AOD) over
Gurushikhar is lower than Ahmedabad, as Ahmedabad is consistently influ-
enced by the high magnitude of anthropogenic emissions, whereas the remote
high altitude Gurushikhar is influenced by local and longrange transported

aerosols.

The black carbon (BC) mass concentrations, and its equivalent BC from
fossil fuel (BCrr) and wood burning (BCyy g) exhibit strong diurnal variations
over Ahmedabad compared to Gurushikhar due to the combined effects of
the diurnal evolution of atmospheric boundary layer and consistent anthro-
pogenic emissions. A distinct BC variation is observed over Gurushikhar with
an increase in BC concentration during noontime as seen in (3. The diurnal
contribution of BCrr in total BC dominates throughout the day at both the
observational sites. The annual mean contribution of BCyr to total BC mass
concentration is 80 and 72% over Ahmedabad and Gurushikhar respectively.

This comparison indicates that even a high altitude remote site can have com-
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parable fossil fuel contribution due to emissions produced over urban regions.

The study highlights the roles of single scattering albedo and aerosol op-
tical depth (AOD) in the aerosol radiative forcing estimate. The differences
in the forcing (ARF) for composite aerosol following Methods 1 and 2 is at-
tributed to the differences in SSA values viz; surface and column. ARF esti-
mated using surface SSA (lower) (Method 1) is always higher than column SSA
(higher) (Method 2). The spectral aerosol properties for the black carbon (BC)
aerosols exhibit significant variation in the AOD for BC aerosols only, but SSA
and gremain the same. The forcing for BC aerosols only over Ahmedabad is
higher by a factor of 2-3 than Gurushikhar when AOD also varies by the same
factor, which confirms the linear dependence of AOD on the ARF. Over an ur-
ban location(Ahmedabad), TOA forcing is comparable for Method 1 and BC
aerosols only, whereas significant variations are found in SFC and ATM forc-
ing due to AOD. On the contrary, the TOA forcing flips sign from +ve to -ve
following Method 2 as compared to BC aerosols only. Over a high altitude re-
mote location (Gurushikhar), the forcing values are comparable from both the
methods as the SSA values are comparable. The TOA forcing is always negative
as SSA is higher over Gurushikhar. The study reveals that over an urban and
a high altitude remote locations the BC aerosols alone can contribute in the

range of 20 to 60% to the shortwave atmospheric forcing.

It is to be noted that when a high altitude remote site is in the same re-
gion as that of an urban aerosol source location, and both theses locations are
governed by the same meteorology and atmospheric dynamics, then aerosol
measurements over the high altitude region can serve as regional background
which is the case here. Results indicate that although Gurushikhar is a high
altitude remote site, it is significantly influenced by the local and longrange
transported aerosols through convection and advection. The study reveals
that Gurushikhar lacks anthropogenic emissions and the aerosol properties
over Gurushikhar do not exhibit any significant inter-annual variability, con-

firming that Gurushikhar is a regional background site for aerosols in western
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India. These results can be used as inputs in regional and global climate mod-
els for the estimation of climate forcing, to further improve our understanding
on the spatio-temporal variability and radiative effects of aerosols over differ-

ent environments.

Key words: Atmospheric Aerosols, Scattering Coefficient, Absorption Coefficient, Single
Scattering Albedo, Angstrom Exponent, Backscatter Fraction, Asymmetry Parameter,
Aerosol Optical Depth, Black Carbon, Source Apportionment, Radiative Forcing,
Heating Rate, Nephelometer, Aethalometer, Remote Sensing, Optical Properties Model,
Radiative Transfer Model, Observations, Urban Region, High Altitude Remote Site.
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Chapter 1

Introduction

Earth is surrounded by a thin blanket of life-giving gaseous envelope
named atmosphere. The envelope of air that surrounds the Earth is composed
of ~ 78% nitrogen and 21% oxygen by volume. The remaining 1% volume is
made up of several minor and trace constituents which include argon (Ar),
carbon dioxide (CO), neon (Ne), helium (He), methane (CH,), hydrogen (H,),
water vapor (H,0), ozone (O3), oxides of nitrogen (NO, NO,), carbon monox-
ide (CO), hydrogen sulfide (H,S), ammonia (NHj;) etc. found in infinitesimal
amounts (parts per million (ppm) to parts per trillion (ppt) by volume), and
suspended particulate matter (aerosols), which are widely variable in space
and time. Despite being in small amounts aerosols play very important and
crucial roles in the physico-chemical properties of the atmosphere, and the

Earth-atmosphere radiation balance.

The Earth’s atmosphere shows significant and distinct variations in tem-
perature as a function of altitude. The atmosphere is generally classified on
the basis of atmospheric composition and temperature gradient. The Earth’s
atmosphere from the surface to 100 km is called as the homosphere where all
the constituents are well mixed, and above the homosphere lies the hetero-
sphere wherein constituents (gases) are fractionated according to their molec-
ular weight. The atmosphere characterised by the temperature gradient is di-
vided into various horizontal layers as troposphere, stratosphere, mesosphere,
and thermosphere (Figure 1.1). The transition altitudes distinguishing these

layers are called tropopause, stratopause, and mesopause respectively. Tro-
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Figure 1.1: Global annual mean temperature structure of the Earth’s atmosphere
(data taken from U.S. Standard Atmosphere, 1966).

posphere is the lowest layer of the Earth’s atmosphere and extends from the
Earth’s surface upto 15-18 km in the tropics (Figure 1.1), and 8-10 km in the
poles. Temperature decreases with altitude at the rate of 6.5°C per km in the
troposphere (wet adiabatic lapse rate) and is characterized by strong convec-
tive mixing (Figure 1.1). Above the troposphere lies the stratosphere. The
temperature increases with altitude (Figure 1.1) due to the significant ab-
sorption of ultra-violet (UV) component of the solar radiation by the ozone in

the stratosphere. Troposphere and stratosphere account for more than 99.9%
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of the mass of the atmosphere. Above the stratosphere lies the mesosphere,
where the temperature decreases with altitude (Figure 1.1) and rapid verti-
cal mixing takes place. The region above the mesopause is the thermosphere
where temperature increases with altitude due to the absorption of solar radi-

ation by atomic oxygen.
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Figure 1.2: Schematic of the diurnal variation of Atmospheric Boundary Layer
(based on Stull, 1988).

In the troposphere, the lowest part of the atmospheric layer which is
strongly influenced by the Earth’s surface is called the atmospheric boundary
layer (ABL) or planetary boundary layer, which holds most of the atmospheric
constituents produced (natural and anthropogenic) at the Earth’s surface. The
atmospheric layer extending from the top of the ABL to the tropopause is re-
ferred as free troposphere. ABL acts as a buffer which couples the Earth’s sur-
face with the lower troposphere, and is directly influenced by the incoming
solar energy. ABL evolves with the diurnal solar cycle (Figure 1.2). The height
of the ABL exhibits significant spatio-temporal variation (ranging from few
meters (stable conditions) to several kilometers (convective conditions)). ABL
during day time is characterised by strong convection (convective mixed layer)

and becomes turbulent due to the diurnal variation of the temperature and
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shearing force (due to Earth’s surface friction on the surface wind). Turbulence
in the convective mixed layer results in an effective dilution, and transport of
the surface emitted pollutants. The convective mixed layer is capped by tem-
perature inversion layer called as entrainment zone which confines pollutants
and inhibits mixing below it. Entrainment zone isolates the ABL from the free
troposphere. After sunset the air turbulence decreases due to radiative cool-
ing which results in the formation of inversion layer (nocturnal layer) near the
Earth’s surface (Figure 1.2). A non-turbulent residual layer forms above the
stable nocturnal layer. During night time the emitted pollutants can remain
trapped within the stable nocturnal layer. The heating of the Earth’s surface
starts after sunrise which results in the mixing of the accumulated pollutants
within the nocturnal layer with the convective mixed layer. The ABL dynam-
ics plays an important and significant role in the diurnal distribution of the
surface emitted pollutants (Seinfeld and Pandis, 1998).

1.1 Atmospheric aerosols

The particles (solid or liquid) suspended in air with radii range from 0.001 to
100 ym are called as atmospheric aerosols. They exhibit variability in shape,
size, concentration and composition depending on the strength and nature of
sources, production mechanisms, mixing characteristics, and scavenging pro-
cesses. Aerosols of different sizes, magnitude and composition are produced
by natural and anthropogenic sources, and can be transported to different
regions depending on favorable meteorological (winds) conditions. Aerosols
play a vital role in various atmospheric processes such as visibility, air pollu-
tion, cloud formation, radiation balance, atmospheric electricity, etc. Aerosol
size is a crucial parameter that determines its interaction with the solar and
terrestrial radiation, affects the physical and chemical properties, and their
lifetime. Typically, the size (radius) of atmospheric aerosols span over five or-
ders of magnitude, and based on their sizes and production mechanisms, the
atmospheric aerosols can be classified as (i) nucleation mode (0.001 to 0.1 m),

(ii) accumulation mode (0.1 to 1.0 um), and (iii) coarse (particles radii > 1.0 ym)

4
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Figure 1.3: Different aerosol types in the nucleation, accumulation and coarse
modes (based on Brasseur et al., 2003).

(Whitby, 1978) (Figure 1.3). The aerosols in the nucleation and accumulation

modes are referred as fine mode particles.

1.2 Sources, sinks and residence times of aerosols

Depending on the production sources, aerosols are classified as natural (e.g.

sea salt, dust) and anthropogenic (e.g. black carbon). Typically, natural

aerosols contribute ~ 80% of the total aerosol in mass in the atmosphere
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(Warneck, 1988). Aerosols which are directly injected into the atmosphere are
known as primary aerosols (e.g. wind blown dust, pollen grains, sea salt, black

carbon from incomplete combustion of fossil fuel or biomass burning). There
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Figure 1.4: Schematic of size distribution of aerosols (based on Whitby, 1978).

are several inorganic species in the atmosphere (sulfates, nitrates etc.) which
are produced from the gas-to-particle conversion mechanism and these are
known as secondary aerosols. Aerosols in the size range < 1.0 um are mostly
produced through condensation (gas-to-particle conversion) and coagulation
processes (Figure 1.4), whereas particles > 1.0 xm are emitted directly by me-
chanical processes such as wind blown dust, sea spray, etc. (Figure 1.4). The

coagulation is the process by which aerosols undergo random collisions and
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coalesce which results in a decrease in smaller size aerosols. The rate of coag-
ulation is a function of mobility and the number density of aerosols (Warneck,
1988). Aerosols in the accumulation mode are produced either by coagulation
of nucleation mode aerosols or by heterogeneous condensation of gaseous va-
por onto smaller nucleation mode particles (Figure 1.4). Typically, the chem-
ical nature of aerosols is mainly governed by their production source while
their size distribution depends on their production mechanism. Mostly (>
99%) these aerosols are found in the atmosphere from the surface up to 40 km.
The frequency of occurrence of aerosols from extraterrestrial sources (plane-
tary accretion, comet debris and meteor shower) in the upper atmosphere (>

50 km) is rare and contribute < 1% in the atmosphere (d’Almeida et al., 1991).

The number concentration of the atmospheric aerosols exhibits large
spatio-temporal variations. High number concentration of particles are found
near to sources and their concentration decreases with distance from sources.
Typically, the total aerosol number concentration over an urban and a rural
region is found to be ~ 10° and 10® ¢m =3 respectively (Heintzenberg, 1997).
In general, the total particle number concentration in the lower troposphere
varies in the range of about 10? to 10° ¢m™?, and the concentration in the
free troposphere is typically 1-2 orders of magnitude lower than lower tropo-
sphere (Heintzenberg, 1997). Aerosols in the stratosphere are significantly less
in number (few to tens of particles). Stratospheric aerosols are produced by
the the diffusion of natural gases (like hydrogen sulfide, carbonyl sulfide, car-
bon disulfide, sulfur dioxide, etc.) from the troposphere. The number concen-
tration of stratospheric aerosols increases significantly after a major volcanic

eruption (Ramachandran et al., 2000).

Aerosols in the nucleation mode are primarily lost by coagulation pro-
cesses. Although coagulation decreases the aerosol number concentration
but the total volume remains constant. In the condensation process the
aerosol number concentration remains constant but the total particle vol-

ume increases. When both (condensation and coagulation) processes exists
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then aerosol number concentration decreases and the total aerosol volume in-
creases (Seinfeld and Pandis, 1998). Nucleation mode aerosols undergo higher
rate of condensation growth and coagulation, resulting in their transforma-
tion into accumulation mode aerosols. Atmospheric aerosols are removed
from the atmosphere by dry and wet deposition processes. The removal of
atmospheric aerosols vary as function of aerosol sizes, types, their residence
times and altitude. Dry deposition refers to the removal of aerosols from the
atmosphere to the Earth’s surface. It includes gravitational settling and im-
paction, and diffusion of particles to surface, which are active near the Earth’s
surface. Wet removal of aerosols involves two processes, namely, below-cloud
scavenging and in-cloud scavenging (Seinfeld and Pandis, 1998). The capture
and removal of aerosol by the falling hydrometeors (rain, snow, cloud and fog
drops) are called below cloud scavenging processes. In-cloud processes con-
sist of activation of aerosols into cloud condensation nuclei, attachment of
aerosols to the pre-existing cloud drops, and removal of aerosol containing
cloud droplets produced by the first two processes by large falling hydromete-
ors. Aerosols found in the size range of 0.1-10 ym are mainly removed by wet
deposition, and for aerosols > 10 yum sedimentation is the dominant removal

process (Jaenicke, 1993).

The time spent by the aerosols in the atmosphere from their production
to removal or conversion can be referred to as residence time of atmospheric
aerosols. It depends on their size, chemical composition, phase (solid or lig-
uid), morphology and altitude at which they are present. Nucleation mode
aerosols are removed efficiently by coagulation processes, and hence, their
residence time is very short. The residence time for coarse mode (> 10 pum)
aerosols is also short in the atmosphere due to sedimentation (gravitational
settling) (Figure 1.5). The residence time of atmospheric aerosols in the ac-
cumulation mode is the longest (~ 7-10 days), because the coagulation and
sedimentation processes are least significant in this size range. The aerosols
in the accumulation mode is removed predominantly from the atmosphere by

wet deposition processes (Figure 1.5). The residence time of aerosol types also
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Figure 1.5: Residence time of atmospheric aerosols depicted as function of size
(based on Jaenicke, 1993).

vary; sulfate, sea salt, dust and black carbon aerosols have a residence time on
the order of 2-7 days (Textor et al., 2006). The residence time is of the order
of few days within the atmospheric boundary layer, few weeks in free tropo-

sphere and few years in the stratosphere (Jaenicke, 1993) (Figure 1.5).

1.3 Significance of atmospheric aerosols

Aerosols have the potential to significantly influence our planet by interact-
ing with incoming solar (shortwave) and outgoing terrestrial (longwave) radia-
tions through three distinct radiative effects, viz. (i) direct effect, (ii) semi-direct
effect, and (iii) indirect effect (IPCC, 2007). The quantification of the effect of
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a species in modifying the balance between the incoming and outgoing flux
in the Earth-atmosphere system is defined as radiative forcing of the species
(IPCC, 2013). Positive and negative radiative forcing indicate the warming and
cooling the Earth-atmosphere system respectively. The direct radiative effect
of aerosols involve scattering and absorption of solar and terrestrial radiation
in the atmosphere (IPCC, 2007). Both these processes reduce the direct so-
lar flux reaching the Earth’s surface and thus induce a net cooling effect on
the surface (negative forcing). In the shortwave region, a scattering aerosol
(e.g., sulfate) will cool the atmosphere, while an absorbing aerosol (e.g., black
carbon) will warm the atmosphere. Absorption of solar radiation by aerosols
leads to heating of the air, which can result in an evaporation of cloud droplets
which is referred to as semi-direct effect. Semi-direct effect is a consequence
of the direct effect of absorbing aerosols and may have a significant warming
impact on climate by ’burning off’ of the low clouds that scatter solar radiation
back to space but have little impact on outgoing longwave radiation. Indirect
radiative forcing by aerosol is the overall process by which aerosols perturb
the Earth-atmosphere radiation balance by modulating the cloud albedo and
amount (/PCC, 2013). Aerosol plays an important and significant role in the
formation of clouds, and serves as cloud condensation nuclei around which
cloud droplets are formed. Higher aerosol concentration can increase the for-
mation of smaller droplets with decreased droplet radius, which leads to an
increase in cloud albedo and hence leads to a cooling effect known as Twomey
effect (Twomey, 1977). The aerosol radiative forcing in the longwave regime
contributes about 10% to the net aerosol radiative forcing. This contribution
is much smaller than the contribution of shortwave aerosol radiative forcing
to the net forcing (Ramanathan et al., 2001a; Ganguly et al., 2005; Ramachan-
dran et al., 2006).

Aerosol properties (optical, physical and chemical) exhibit large spatial
and temporal variability, hence the radiative effects of aerosol can be differ-
ent in contrast to greenhouse gases. Aerosol plays a significant role in the

Earth’s radiation budget and is a large source of uncertainty in the predic-

10
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tion of climate change (IPCC, 2013). The major sources that contribute to
the uncertainty on aerosols and their radiative forcing are, uncertainties in
their properties (optical, physical, and chemical), uncertainties/assumptions
involved in the estimates of radiative forcing, and inaccuracy in their atmo-
spheric burden and the anthropogenic contribution (IPCC, 2013). The in-
accuracies in aerosol properties arise from uncertainties in its size distribu-
tion, chemical composition, and meteorological effects. In order to increase
the level of scientific understanding, it is necessary to have spatial and high
temporal resolution measurement of various aerosol properties. There ex-
ists a large uncertainty in the forcing due to different aerosol species because
of significant uncertainty in their sources (natural and anthropogenic), and
their spatio-temporal variations (Ramachandran et al., 2012). Further, of the
various aerosol species the black carbon aerosol (anthropogenic source) is
the second largest source to global warming, after carbon dioxide (CO,) (Ra-
manathan and Carmichael, 2008) and hence, the estimation of radiative forc-
ing due to black carbon aerosol is important to delineate/determine the an-
thropogenic contribution with respect to the total (composite) radiative forc-

ing.

Black carbon (BC) aerosol is the optically absorbing component of car-
bonaceous aerosols and is produced by incomplete combustion of fossil fuel
(coal, diesel, petrol, etc.), biofuel (biodiesel, biogas, ethanol, etc.) and biomass
(woods, shrubs, dry leaves, etc.). It absorbs incoming shortwave solar radia-
tion and outgoing longwave terrestrial radiation, and is therefore an impor-
tant contributor to the direct radiative forcing through warming the atmo-
sphere. It has a short lifetime (~ 7-10 days) in the atmosphere but exhibit
significant spatial and temporal variability in its sources and emission. The
physical (size distribution and morphology) and chemical (composition and
mixing state) properties of the atmospheric BC aerosols are complex and vari-
able in nature (Xianda et al., 2016). BC aerosol significantly affects the hu-
man health (respiratory and lung diseases, Mauderly and Chow (2008)), vege-

tation (crop yields, Chameides et al. (1999)), ecosystem (terrestrial and aquatic,

11
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Forbes et al. (2006)), monsoon Wang et al. (2009), and glaciers (Lau et al., 2006;
Lietal., 2016). The emissions from fossil fuel burning consists of large amount
of black carbon aerosols as compared to organic carbon, whereas biomass
(wood) burning consists dominantly organic carbon aerosols. Typically, black
carbon and organic carbon aerosols are found to absorb in the near infrared
and ultraviolet wavelengths respectively (Sandradewi et al., 2008). The black
carbon aerosols produced from the combustion of fossil fuel and biomass are
found to exhibit a largest uncertainty in aerosol emissions (Bond et al., 2004).
A significant uncertainty in forcing arises because of the lack of information
about the amount of BC aerosol emitted into the atmosphere, its size distri-
bution, contribution from different sources (fossil fuel and biomass burning),
and its mixing state. The relative contributions of BC mass from the combus-
tion of fossil fuel and biomass to the total BC mass concentration are used to
quantify the dominant source (fossil fuel or biomass) of BC aerosols. Due to
the above there is a significant interest in studying the characteristics of black
carbon aerosols and their radiative and climatic impact over different environ-
ments (e.g. urban (Ramachandran and Rajesh, 2007; Sreekanth et al., 2007;
Beegum et al., 2009; Panicker et al., 2010; Ramachandran and Kedia, 2010;
Wanget al., 2011; Dumbka et al., 2013; Safai et al., 2013; Tiwari et al., 2013; Gong
etal., 2016; Rajesh and Ramachandran, 2017), rural/semi-urban (Gadhavi and
Jayaraman, 2010; Kumar et al., 2011; Aruna et al., 2013; Singh et al., 2015),
ocean (Kedia et al., 2012; Kompalli et al., 2013), and mountain sites (Dumka
et al., 2010; Raju et al., 2011; Kant et al., 2012; Srivastava et al., 2012; Panwar
et al., 2013; Udayasoorian et al., 2014; Sarkar et al., 2015)).

1.4 Motivation

The Indian subcontinent and its surrounding regions are the prime sources
for different types of aerosols (natural and anthropogenic origin) such as min-
eral dust, black carbon, sea salt, sulfate, etc., and in addition, the subconti-
nent experiences tropical climatic conditions which results in significant vari-

ations in temperature, relative humidity and rainfall on seasonal time scales.

12
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Hence, large spatio-temporal variabilities have been observed in aerosol char-
acteristics over India. The study on the influence of aerosols from natural and
anthropogenic sources on radiative effects has been undertaken over differ-
ent environments in Indian subcontinent and adjoining oceanic regions (e.g.,
Ramanathan et al. (2001b); Jayaraman et al. (2006); Ganguly et al. (2006); Ra-
machandran and Cherian (2008); Kedia et al. (2010); Pathak et al. (2010); Ra-
machandran and Kedia (2012); Jose et al. (2016); Sharma et al. (2017); Verma
et al. (2017); Srivastava et al. (2018)). But, aerosols are still a significant source
of uncertainty in climate change prediction because of limited information of
aerosol characteristics on temporal and regional scales. The measurements of
aerosol characteristics and their radiative effects over India (Pandithurai et al.,
2004; Niranjan et al., 2005; Jayaraman et al., 2006; Ramachandran et al., 2006;
Sreekanth et al., 2007) and over oceans surrounding peninsular India (Jayara-
man et al., 1998; Ramanathan et al., 2001b; Ramachandran, 2005; Kedia and
Ramachandran, 2009, 2011) have been extensively reported, but relatively a
few measurements exist over western India (Ganguly and Jayaraman, 2006;
Ramachandran and Rajesh, 2007; Ramachandran and Kedia, 2010). The west-
ern India is densely populated, and is surrounded by desert (Thar), ocean (Ara-
bian Sea) and large land mass with different aerosol species produced and
transported from different regions. Also, studies documenting the contribu-
tion of fossil fuel and biomass burning (wood burning) to total BC are scarce.
In addition, investigation on the simultaneous measurements of BC character-
istics over a source region, and a nearby background region are not available,
which is required to simulate better the seasonal BC aerosol distribution in re-

gional and global models, and estimate their radiative effects more accurately.

The present study focuses on the space-time characteristics of optical
and physical properties of aerosols, source apportionment of black carbon
aerosols, and their radiative effects over an urban, and a high altitude remote
region. Typically, urban emissions are influenced by anthropogenic activi-
ties. The high altitude remote region is influenced by local and longrange

transported aerosols through convective and advective processes. When the

13
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high altitude remote location is in the same region as that of an urban aerosol
source region, and is governed by the same meteorology and atmospheric dy-
namics, then aerosol measurements over the high altitude region can serve as

regional representative background.

1.5 Objectives

With an objective to investigate the spatio-temporal variations in aerosol
properties over western India, for the first time, simultaneous measurements
of various aerosol properties were conducted over distinct environments (ur-

ban, and high altitude remote) for the scientific reasons mentioned above.

The specific objectives of the present thesis are:

1. To characterize the spatial and temporal variabilities in optical and phys-

ical properties of aerosols over urban, and high altitude remote locations.

2. To characterize the spatial and temporal variabilities in black carbon
aerosol, and its source apportionment over urban, and high altitude re-

mote locations.

3. To estimate the total direct aerosol radiative forcing and the radiative forc-
ing due to black carbon aerosols only, and their seasonal variability over
urban, and high altitude remote regions using the aerosol optical and

physical characteristics.

Aerosol characteristics were measured and analysed over an urban en-
vironment (characterized by highest aerosol concentrations dominated by
anthropogenic aerosols) (Ahmedabad (23.03°N, 72.55°E, 55 m above mean
sea level), and a high altitude remote region (with low aerosol concentration
dominated by transport mechanisms) (Gurushikhar (24.65°N, 72.78°E, 1680
m above mean sea level) over western India. Further, utilising the measured

aerosol characteristics and models, radiative forcing for composite and BC
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Chapter 1. Introduction

aerosols are estimated and discussed.

The thesis consists of six chapters. The present chapter (Chapter 1) gives
a brief introduction to the Earth’s atmosphere, atmospheric aerosols, their
sources and sinks in the atmosphere, size distribution and their composi-
tion. It consists of a brief description on how the aerosols perturb the Earth-
atmosphere radiation budget. In addition, this chapter consists a brief review
of the previous research in India, thus, setting the stage for the motivation, ob-
jectives and importance of the thesis. Chapter 2 provides a brief description
of the various instruments used in the study along with their measurement
techniques. Methodology, and data analysis are discussed in this chapter. It
also consists a description about the satellite data obtained from different sen-
sors which are used in the present study. The uncertainties involved in various
measurements are also discussed in this chapter. A brief description of var-
ious computational tools used for radiative transfer estimation, namely, Op-
tical Properties of Aerosols and Clouds (OPAC) (Hess et al., 1998), and Santa
Barbara DISORT Atmospheric Radiative Transfer (SBDART) (Ricchiazzi et al.,
1998) are also included. Chapter 3 discusses the measured optical and physi-
cal properties of aerosols over the study locations in western India. Chapter 4
deals with the spatial and temporal characteristics of black carbon aerosol and
its source apportionment over an urban and a high altitude remote locations.
Chapter 5 discusses the seasonal variabilities in the radiative forcing over ur-
ban and high altitude remote locations in western India. In order to quantify
the effect of BC aerosols on the radiation budget the aerosol radiative forcing
is estimated for composite and BC aerosols, and discussed. Chapter 6 sum-
marises the major results from the study and discusses the scope for future

work.
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Chapter 2

Measurements, Methodology and
Data Analysis

The present chapter discusses the measurement techniques and working
principles of the various in situ instruments used in the study. Details about
the various remote sensing data are presented. It also discusses the meteo-
rological data and reanalysis datasets utilised in the study. In addition, it also
presents a brief description about the models used in the present work, Optical
Properties of Aerosols and Clouds (OPAC) model used to estimate the spec-
tral characteristics of various aerosol properties, and Santa Barbara DISORT
Atmospheric radiative transfer (SBDART) model used to compute aerosol ra-
diative forcing. Details on data analysis and the methodology adapted are dis-
cussed. Finally, the importance and the environment of the study regions are

discussed.

2.1 Surface aerosol measurements

The aerosol scattering (5,.,) and absorption (5,;s) coefficients were measured
using multiwavelength nephelometer (model 3563, TSI Inc., USA) and mul-
tiwavelength aethalometer (AE31 and AE33, Magee Scientific, USA) respec-
tively. The scattering and absorption coefficients data over Ahmedabad and
Gurushikhar (the study locations) collected during 2015 and 2016 are utilised

in the work.
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Chapter 2. Measurements, Methodology and Data Analysis

2.1.1 Integrating nephelometer

Aerosol scattering coefficients (5,.,) and backscattering coefficients (5pscq)
were measured using Integrating nephelometer (Model No. 3563, TSI Inc.,
USA) at 0.45, 0.55 and 0.70 ym. The instrument aspires sample into the mea-
surement chamber, which is lit by a white light source and the resultant scat-
tered light is measured by photomultiplier tube detectors at three wavelengths
(0.45, 0.55 and 0.70 pm) (Figure 2.1).

PMT Reference Chopper

Interference

Signal (180°)

PMT

PMT

Lens

Pump

% Air Sample Outlet

Reference Chopper
Temperature Sensor

Backscatter Shutter

Lamp
B NN

Pressure Sensor

Measurement Volume

Humidity Sensor

[ @== Airsample Inlet

Light Trap\

Figure 2.1: Schematic of the Integrating Nephelometer (Model No. 3563, TSI
Inc., USA). (Source: The Integrating Nephelometer, Operation manual, TSI).
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Table 2.1: Characteristics of nephelometer TSI 3563

Parameters Specifications

Light source Incandescent halogen lamp
Diffuser Lambertian opal glass
Detectors Photomultiplier tubes
Wavelengths 0.45, 0.55, and 0.70 ym
Filters Interference filters
Band-width FWHM 50 nm

Backscatter Continuous

Total scattering angular range 7-170°

Backscattering angular range 90-170°

Response time <10 sec

Range 1-1000 Mm™ (1M = 10

Particle transport efficiency >95% from 0.05 to 5.0 um diameter

It consists of a reference chopper with three sections for signal (passes all
light), dark (blocks light for background measurement) and calibrate (mea-
sure the lamp stability). Inside the measurement chamber the pressure and
temperature are measured to compute the scattering by air molecules which
is then subtracted from measured total scattering to estimate aerosol scatter-
ing coefficient. The total scattered signal is integrated over an angular range of
7-170° from the forward direction, whereas backscattered signal is integrated
over 90-170°. Nephelometer is configured for an hourly auto zero calibration
using a high efficiency particulate air (HEPA) filter in order to detect the back-
ground signal in the operational environment condition. In addition, the in-
strument is routinely calibrated for span using ultra high pure CO, gas and fil-
tered ambient air using HEPA filter. Nephelometers #70522074 and #71018002
were used to measure aerosol scattering coefficients at Ahmedabad and Gu-
rushikhar, respectively the characteristics of which are given in Table 2.1. The
scattering coefficient of aerosols is obtained from the total light extinction in-
side the measurement chamber of the nephelometer using Beer-Lambert law

as,

I =1, exp(—Lest 1) 2.1
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Chapter 2. Measurements, Methodology and Data Analysis

where I and [, are the intensity of the light at detector and of the incident
light respectively. [ is the length of the measurement volume and /., is the
extinction (sum of scattering and absorption) coefficients. The contribution
of absorption coefficient is negligible due to the non-absorbing calibration
method utilising air and C'O, in nephelometer (Abu-Rahmabh et al., 2006). In-
side the measurement volume the intensity of the scattered light is integrated
over close to 47 steradians and it provides a good approximation of the scatter-
ing component of extinction. The nephelometer measured raw photon counts

are converted into scaled count rate and then corrected for dead time as

360 C' S
Co= "~y 2.2)
F=0C,(Cy K +1) 2.3)

where C' is raw photon count, S is the chopper speed (22.994 Hz), G is gate
width (40° for calibrate, 140° for signal, and 60° for dark), N is the number of
revolutions, C, is scaled count rate (Hz), F'is corrected count rate (Hz), and K,
is pulse width constant. The aerosol scattering coefficient (3,.,) is estimated

from the dead time corrected count rate as

/Bsca = Ba -W - Ra (24)

where B, is raw aerosol scatter signal, W is wall scatter for filtered air (W =
By — Ry), R, is Rayleigh scatter of unfiltered air, By is filtered air raw scatter
signal, and R/ is Rayleigh scatter of filtered air.

Bsca =B, — (Bf - Rf) - R, (2.5)

S, — D, Sy — Dy P/, P.T,
sca = K2——+ — | K2———= — K - K 2.6
b C.— D, ( C— Dy 3Tfps) ST.P, (2.6

where S,, D, and C, are signal, dark and calibrate scaled count rates for aerosol

respectively, Sy, Dy and Cy are signal, dark and calibrate scaled count rates

19



Chapter 2. Measurements, Methodology and Data Analysis

for filtered air respectively, 7, and P, are standard temperature (273.15 K) and
pressure (1013.25 hPa) respectively, 7y and P; are temperature and pressure of
filtered air respectively, 7, and P, are temperature and pressure of unfiltered
air respectively, K2 is span gas constant, and K3 is Rayleigh scatter constant.
From the above equations aerosol backscattering coefficient can be calculated
as

Bhsca = Ba — (By — K4Ry) — K4R, 2.7)

The above equations use the calibration constants, K2 and K4 (m~!) which
are obtained from the two point calibration (filtered ambient air as low span
gas and C'O, as high span gas). The calibration constants, K2 and K4 (m™!)
obtained during the study period at three wavelengths (0.45, 0.55, and 0.70

um) are given in Table 2.2.

Table 2.2: Calibration constants K2 and K4 (m™') for nephelometers (#
71018002 and # 70522074) during 2015-2016 at 0.45, 0.55, and 0.70 pm using
two point calibration (filtered ambient air as low span gas and C O, as high span
gas). Monthlyear of calibration is given as mm/yyyy.

Nephelometer #71018002
K2 (10~3 m™1) K4 (10~" m™")

Date 045pum 0.55pum 0.70 um 0.45pum 0.55pm 0.70 pm
07/2014  1.957 2.155 1.829 5.109 4.958 5.115
02/2015 1.856 2.138 1.856 5.236 5.311 5.478
07/2015 1.834 2.029 1.717 5.260 5.260 4.930
01/2016  1.818 2.038 1.833 5.230 5.290 5.600
07/2016  1.808 2.055 1.799 5.229 5.029 4.954

Nephelometer #70522074
K2 (10-3 m™1) K4 (107! m™")

Date 045um 0.55pum 0.70pym 0.45pum 055 pum 0.70 pum
07/2014  2.571 2.725 2.101 5.190 5.120 5.200
02/2015  2.480 2.877 2.171 5.010 5.020 4.960
10/2015  2.481 2.897 2.079 5.240 5.116 5.108
01/2016  2.028 2.334 1.965 5.120 5.000 4.830
09/2016  2.020 2.304 1.821 5.040 5.090 4.990

The raw scattering coefficient (3cq(rqw)) is corrected for the truncation (missing
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forward scattering) error (3,cq(;)) using Anderson and Ogren (1998) as

ﬂsca(t) = /Bsca(raw) (CL + b asca()\)> (28)

where o, is the scattering Angstr('jm exponent and is expressed as

a _ _ln[ﬂsca<)‘l)/ﬁsca()\2)]
In[A1 /o] ’

and the values of coefficients a is 1.337 and b is -0.138 (at 0.55 um) (Anderson

(2.9)

and Ogren, 1998). The variations in ambient pressure and temperature from
the standard pressure (1013.25 hPa) and temperature (273.15 K) are further
corrected in 3, as

P 27315
1013.25 T

where P is ambient pressure (hPa) and 7" is ambient temperature (K).

Bsca - Bsca(t) (2.10)

1000

Ahmedabad (11 Nov - 31 Dec 2014)
Becatq - #70522074
Becato - #71018002

800
600
400

200 Bsca#2 = 0.96 Bgcapt +9.28

r2=092,n=1220

0 200 400 600 800 1000

Scattering coefficient (Bgcg#2) (Mm'1)

0

Scattering coefficient (Bgca#1) (Mm'1)

Figure 2.2: Hourly scattergram of aerosol scattering coefficients (8o, Mm™")
measured by TSI 3563, nephelometers (# 70522074 and # 71018002) at Ahmed-
abad during 11 Nov - 31 Dec 2014. The blue line shows the linear fit, where n
(=1220) is the number of measurements of .., andr* (=0.92) is the coefficient of
determination.
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An intercomparison exercise of aerosol scattering coefficient was con-
ducted during 2014 (November - December, ambient relative humidity <30%)
using more than 13400 measurements at 5 minute interval or 1220 measure-
ments hourly over Ahmedabad spanning over 50 days. The scatter plot reveals
a good correlation (r?=0.92) between the scattering coefficient (5,.,) measured
using nephelometers (#71018002 and #70522074) (Figure 2.2).

Aerosol scattering coefficient (5,.,) strongly depends on the ambient rel-
ative humidity (RH), and the effects of RH on 5,., becomes significant when
the RH exceeds 30%. Hence, the 3., is corrected for the variation in the sample
RH using hygroscopic scaling factor (SF) (Ramachandran and Rajesh, 2008).
SFis expressed as the ratio of measured j;., (at ambient RH) to estimated ;..
at 30% RH. Ahmedabad, an urban location can be well represented using an

urban aerosol type (Hess et al., 1998), whereas a high altitude remote location,

Table 2.3: Hygroscopic Scaling factors (SF) at 0.45, 0.55, and 0.70 um estimated
using Optical Properties of Aerosols and Clouds (OPAC) model for an urban and
continental clean aerosol types at different RH (30-95%).

Scaling factors
Relative Urban Continental clean
humidity (%) 0.45um 0.55pum 0.70pum 0.45pm 0.55pum 0.70 pm
30 1.00 1.00 1.00 1.00 1.00 1.00
35 1.04 1.04 1.04 1.04 1.04 1.04
40 1.08 1.08 1.08 1.09 1.09 1.09
45 1.12 1.12 1.12 1.13 1.13 1.13
50 1.16 1.16 1.17 1.18 1.18 1.18
55 1.22 1.23 1.23 1.24 1.25 1.25
60 1.28 1.29 1.30 1.31 1.31 1.32
65 1.34 1.35 1.36 1.38 1.38 1.39
70 1.40 1.42 1.43 1.45 1.45 1.46
75 1.53 1.55 1.57 1.59 1.60 1.61
80 1.66 1.69 1.72 1.74 1.75 1.77
85 1.98 2.03 2.08 2.09 2.12 2.16
90 2.30 2.37 2.45 2.44 2.50 2.55
95 3.29 3.46 3.65 3.55 3.68 3.83
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Gurushikhar can be represented based on continental clean aerosol type (Hess
etal., 1998). The scaling factor for an urban and continental clean aerosol types
are estimated using Optical Properties of Aerosols and Clouds (OPAC) model
(Hess et al., 1998) at 0.45, 0.55, and 0.70 um (Table 2.3). Scaling factors are in
agreement with the values reported by Charlson et al. (1984). The aerosol scat-
tering coefficients (f;.,) were measured at an averaging time of 300 seconds
with an hourly zero calibration over Ahmedabad and Gurushikhar, and cor-
rected for the influence of RH using scaling factors as given in Table 2.3. The
total uncertainty in S,., due to above errors is found to be ~15% (Ramachan-
dran and Rajesh, 2008).

2.1.2 Aethalometer

Aethalometer uses optical attenuation technique for the measurement of
black carbon (BC) mass concentration in ambient air (Hansen et al., 1984).
The technique assumes that BC mass deposited on the filter is proportional
to light attenuation through the filter. Aethalometer measures the attenua-
tion of light through a particle laden and particle free filter spot on the filter
(Weingartner et al., 2003). The change in attenuation is utilised to estimate the
attenuation coefficient (ATN), which is further used to derive the absorption
coefficient (5,,). For low attenuation values the relation between ATN and
BC mass loading is found to be linear. However, for higher attenuation values
the relation becomes non-linear. This non-linearity is due to filter loading ef-
fect (Gundel et al., 1984), which further cause an underestimation of black car-
bon mass concentrations (Weingartner et al., 2003; Arnott et al., 2005; Schmid
et al., 2006; Virkkula et al., 2007; Collaud Coen et al., 2010). Hence, the BC
measurements need to be compensated for this loading effect (Arnott et al.,
2005; Weingartner et al., 2003; Arnott et al., 2005; Schmid et al., 2006; Jimenez
et al., 2007; Virkkula et al., 2007; Collaud Coen et al., 2010; Park et al., 2010;
Hyvdrinen et al., 2013). Algorithms proposed by Weingartner et al. (2003) and
Virkkula et al. (2007) are extensively used for filter loading effect compensa-

tion. Recently, a dual spot attenuation measurement technique based instru-
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ment (aethalometer model no. AE33, Magee Scientific) has been developed
to take care of the non-linearity in the real-time estimation of BC mass con-
centration (Drinovec et al., 2015). The dual spot instrument simultaneously
measures the attenuation through both the particle loaded sample spots on
the filter with different flow rates. The present study utilises BC mass concen-
trations obtained from aethalometer AE31 (single spot) and AE33 (dual spot)
(Table 2.4), and discussed.

Table 2.4: Characteristics of aethalometers AE31 and AE33

Parameters AE31 AE33
Spot Single Dual
Spot shape Extended Oval Circle
Nominal Spot size (sq. cm) 1.67 0.785
Filter material Quartz Teflon coated glass fiber
Length of the filter (cm) 300 300
Width of the filter (cm) 2.5 3.0
ATN threshold (default) 75 120
Resolution (ng m—3) 1 1
Detection limit (ng m—3) 200 5
Mean ratio 0.87 NA
Filter loading effect compensation No Yes
Enhancement parameter 2.14 1.57

2.1.2.1 Single spot aethalometer

The single spot aethalometer (AE31) simultaneously measures the light at-
tenuation through aerosol loaded and aerosol free spots (reference area) on
the filter, and estimates the black carbon mass concentration at seven wave-
lengths (0.37, 0.47, 0.52, 0.59, 0.66, 0.88, and 0.95 ym). The detectors measure
the attenuation (ATN) of the light through the sample and reference spots on
the filter (Figure 2.3a), which is estimated as

ATN = =100 In(I/1,) (2.11)
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a. Single spot aethalometer
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b. Dual spot aethalometer
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Figure 2.3: Schematic of (a) aethalometer AE31 (single spot) and (b) aethalome-
ter AE33 (dual spot).

where I, and [ are the signals from reference and sample spots respectively.

The BC mass is related to rate of change in attenuation as
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d(ATN) A
BC = Q — (2.12)

o V
where BC, o, A, and V represent black carbon mass concentration, mass spe-
cific attenuation cross section (m?¢g—!) (Table 2.5), spot area, and volume of air

passed through the spot respectively.

Table 2.5: Mass specific attenuation cross section (o) for aethalometers AE31 and
AE33.

Wavelength Mass specific attenuation

(um) cross section (m? g71)
AE31 AE33
0.37 39.50 18.47
0.47 31.10 14.54
0.52 28.10 13.14
0.59 24.80 11.58
0.66 22.20 10.35
0.88 16.60 7.7
0.95 15.40 7.16

The aerosol absorption coefficient (3., Mm™!) is computed as

BC o
C R(ATN)

where C represents the enhancement parameter and depends on the filter ma-

Babs = (2.13)

terial (for quartz filter C' = 2.14), and R(AT'N) is a correction for filter loading
effect and is empirically estimated following Weingartner et al. (2003) as
1

R(ATN) = <? - 1)

where f represents the compensation parameter for filter loading and is esti-
mated using Weingartner et al. (2003) (Table 2.6).

In(ATN) — In(10)
In(50) — In(10)

+1 (2.14)
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Table 2.6: Filter loading compensation parameter (f) obtained using (Weingart-
ner et al., 2003) as function of wavelength for aethalometer AE31

Wavelength (um) 0.37 0.47 052 059 066 0.88 0.95
f 1.322 1.292 1.254 1.233 1.230 1.212 1.210

The ambient air aerosol sample is accumulated on the filter spot with an ex-
tended range sampling head (oval shape spot area of 1.67 sq. cm) (Figure 2.4a,
Table 2.4). The deposition rate of BC aerosol on the filter spot is proportional

to the sample flow rate and to the BC mass concentration.

Figure 2.4: Spot images of (a) aethalometer AE31 and (b) AE33 (not to scale).

2.1.2.2 Dual spot aethalometer

The dual spot aethalometer (AE33) simultaneously measures the attenuation
of light through two distinct circular sample spots (Figure 2.4b) at different
flow rates and a particle free spot on the filter (Teflon coated fiber filter) at
seven wavelengths (0.37, 0.47, 0.52, 0.59, 0.66, 0.88, and 0.95 ym) (Figure 2.3b)
(Drinovec et al., 2015). The detector outputs from the sample spots are used
to remove the non-linearity effect, and estimate the BC mass concentration in
real-time (Drinovec et al., 2015). The attenuation of light is represented by a
non-linear relation (empirical) as given by Gundel et al. (1984)

ATN, = (1 — exp(—k By a)) (2.15)

= [ =

ATN, = (1 — exp(—k By a)) (2.16)
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where AT'N; and AT N, correspond to the attenuation of light through the
sample spots 1 and 2 respectively, B; and B, represent the aerosol deposition
on the sample spots 1 and 2 respectively, and & is filter loading effect compen-
sation factor which is determined as

F In(1—k ATN,) (2.17)

where F and F, are the volumetric flows through the sample spots 1 and 2
respectively. Then, the BC mass concentration after compensating for filter
loading effect is estimated in real-time from the sample spot with higher flow

rate as

A [d(ATN)/100]

B pr—
C= RO—0)oCU-kATN,) &

(2.18)

where A is sample spot area, ¢ represents lateral airflow and is estimated using
input (Fj,,,) and output (F,u.) flow rates (Fiput = Fouput(1 — ¢)), C' is en-
hancement parameter (for Teflon coated fiber filter C' = 1.57), and o represents
the mass specific attenuation cross section (Table 2.5). BC is also corrected for
change in ambient temperature and pressure from standard temperature (293
K) and pressure (1017 hPa) as

P23
1017 T

where BC,,, represents measured BC, P is ambient pressure (hPa), and 7 is

BC - BCraw (2'19)

ambient temperature (K). Aerosol absorption coefficient (3., 10¢m =t (Mm™1))
can be further computed as (5,,; = BC 0. The scatter plot between the off-line
compensated AE31 BC mass concentrations and on-line compensated AE33
BC data shows an excellent linear agreement (coefficient of determination =
0.98) (Figure 2.5) (Rajesh and Ramachandran, 2018). In the present study the
BC mass concentration from aethalometer AE31 were taken care of loading ef-
fect following Weingartner et al. (2003), and the aethalometer AE33 BC data
were compensated on-line using the AE33 onboard algorithm given by Dri-
novec et al. (2015) (Rajesh and Ramachandran, 2018).
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Figure 2.5: Correlation of the daily averaged black carbon (BC) mass concentra-
tion (ug m=3) data from aethalometer AE31 and AE33 at 0.88 um over Ahmed-
abad. The blue line (dotted) shows the linear fit, n (=168) is the number of days
of observations from aethalometer AE31 and AE33, and coefficient of determi-
nation asr?* (=0.98).

2.1.2.3 Black carbon aerosols - Fossil fuel and Biomass burning compo-

nents

A two wavelength aethalometer model is utilised to estimate the relative con-
tribution of traffic emissions (fossil fuel) and biomass emissions (wood burn-
ing) based on light attenuation measurements at ultraviolet (0.37 xm) and in-
frared (0.95 um) wavelengths (Sandradewi et al., 2008). The model assumes
that the fossil fuel (traffic emissions) and wood burning (biomass emissions)
are the potential and dominating sources of BC aerosols (Herich et al., 2011).
The BC aerosol from fossil fuel has greater absorption at 0.95 ym as compared
to BC from wood burning (Sandradewi et al., 2008). The aerosol absorption
coefficients (3,s) is proportional to A\~%, where « represents the absorption
exponent and ) is wavelength. Previous studies have documented absorption

exponent for fossil fuel (arr) and wood burning (o 5) tobe 1.1 and 2.0 respec-
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tively; these values for arr and ay g were retrieved from various laboratory
and field measurements (Kirchstetter et al., 2004; Bond and Bergstrom, 2006;
Day et al., 2006; Lewis et al., 2008; Sandradewi et al., 2008; Favez et al., 2010;
Fuller et al., 2014). The aerosol absorption coefficient (3,;s) is the sum of the
absorption coefficient from fossil fuels and wood burning component of BC

aerosol (Sandradewi et al., 2008), and is expressed as

Babs()\> = /Babs(Aa FF) + 5abs(>\a WB) (220)

Aerosol absorption coefficient (5,,,), absorption exponent, and the wave-

lengths are related for fossil fuel and wood burning as

Baps(0.37 pm, FF)  [0.37] %" oo
Buan 095 pm, FF)  [0.95 -
Baps(0.37 pm, W B) ~ [0.37 —aws 022
Baps(0.95 um, WB) ~ | 0.95 _

where arr and ayy 5 are absorption exponents computed using [, at 0.37 and
0.95 um wavelengths, respectively. BCrr can be computed following the above

equations as

/Babs(o'95 pum, FF)
/BabS(O'95 :um) 7

and the remaining BC concentration corresponds to BCy 5 as the total BC

BCpp = BC (2.23)

mass concentrations is the summation of the BC contributions from fossil fuel

and wood burning (Sandradewi et al., 2008).

2.2 Remote sensing data

In the present study data retrieved from the following satellite sensors, namely,
MODerate resolution Imaging Spectroradiometer (MODIS), Ozone Monitor-
ing Instrument (OMI), Atmospheric InfraRed Sounder (AIRS) and Tropical
Rainfall Measuring Mission (TRMM) have been used for the analysis of aerosol

characteristics and their spatial and temporal variability over the study loca-
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tions. The details of the satellite data sets used are discussed below.

2.2.1 MODerate resolution Imaging Spectroradiometer

The MODerate resolution Imaging Spectroradiometer (MODIS) is a remote
sensing instrument aboard the Terra and Aqua satellites that measures at-
mospheric aerosols, cloud cover, surface reflectance, vegetation indices, ther-
mal anomalies, etc. with high accuracy on a global scale (Kaufman et al.,
1997; Remer et al., 2008). MODIS satellites operate in sun-synchronous, near-
polar, circular orbits at an altitude of 705 km above the Earth. The Terra and
Aqua spacecraft cross the equator at about 1030 (descending northward) and
1330 LST (ascending southward) respectively with a swath of 2330 km (cross
track) by 10 km (along track at nadir). The aerosol products over land from
MODIS are being extensively used to study the spatio-temporal variations
in aerosol properties (Levy et al., 2007; Remer et al., 2008). The uncertainty
in MODIS retrieved aerosol optical depth ( AOD) is 4+ 0.05 + 0.15A0D over
land (Remer et al., 2008). In the present study, MODIS Level 2 10 km x 10
km Collection 5.1 (C5.1) daily aerosol optical depth (AOD) at 0.55 ym, and
Angstrém exponent () are utilized (Remer et al., 2008). The newly released
MODIS Collection 6 (C6) aerosol products are also available which has some
improvements compared to MODIS C5.1 products (Fan et al., 2017). The in-
tercomparison of MODIS C5.1 and C6 AOD products reveals that for 10 km
products, the C6 algorithm has slightly increased accuracy, with about 3-12%
more data falling within the expected error envelope (Fan et al., 2017). The
Angstrém exponent («) is further used to derive AOD spectra in the wave-
lengths range of 0.4-1.0 xm using Angstrém power law (7(\) = SA~%, 7(\) is
the aerosol optical depth at wavelength \ (in ym), and (5 represents the tur-
bidity coefficient (Angstrom, 1961)). The MODIS data has been downloaded
from https://giovanni.gsfc.nasa.gov/giovanni. The daily MODIS AODs (Terra
and Aqua) are further utilised to estimate the monthly mean AODs over the

study locations.
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2.2.2 0Ozone Monitoring Instrument

The Ozone Monitoring Instrument (OMI) is onboard the Earth Observing Sys-
tem (EOS) Aura satellite. OMI is a spectrograph with high resolution used for
the measurement of the upwelling radiance in ultraviolet and visible regimes
(0.27-0.50 pm) at the top of the Earth’s atmosphere. OMI satellite operates in
sun-synchronous, near-polar orbit at an altitude of 705 km above the Earth
with a sixteen-day repeat cycle and 233 revolutions per cycle. The OMI space-
craft crosses the equator at approximately 1:45 PM (ascending northward)
with a swath of 2600 km (114° across track viewing angle). It measures ozone,
aerosols and other gases in the atmosphere. The monthly mean columnar
ozone and single scattering albedo at 0.50 ym over the study locations was
obtained from the daily mean OMI data. OMI Level 3 data at a lat-lon resolu-
tion of 1° x 1° centered around the study locations are utilised. The OMI data

has been downloaded from https://giovanni.gsfc.nasa.gov/giovanni.

2.2.3 Atmospheric Infrared Sounder

The Atmospheric InfraRed Sounder (AIRS) is on board the EOS Aqua satel-
lite. AIRS satellite operates in sun-synchronous, near-polar, circular orbits at
an altitude of 705 km above the Earth. It provides the physical state of the
Earth’s atmospheric column (air temperature, water vapor, clouds) and the
distribution of trace gas constituents (ozone, carbon monoxide, carbon diox-
ide and methane) on a daily global scale. In the present study the colum-
nar water vapor data from AIRS satellite at a lat-lon resolution of 1° x 1°
centered around the study locations were downloaded from https:// gio-

vanni.gsfc.nasa.gov/giovanni and utilised.

2.2.4 Tropical Rainfall Measuring Mission

The Tropical Rainfall Measuring Mission (TRMM) satellite is used to measure
tropical and subtropical rainfall through microwave and visible infrared sen-

sors. TRMM satellite operates in non-sun-synchronous, near-circular orbit
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at an altitude of 402 km above the Earth. TRMM’s orbit ranges between 35°
N and 35° S of the equator and has spatial and temporal resolutions of 0.25°
and 92.5 minute, respectively. The TRMM rainfall data were downloaded from

https://giovanni.gsfc.nasa.gov/giovanni.

2.3 Meteorological data/datasets

2.3.1 Weather station

A weather station consists of combination of several meteorological sensors
for the measurement of ambient air temperature, relative humidity (RH), pres-
sure, wind speed, wind direction, and precipitation. In the present study
we have used Vaisala weather station, model no. WXT520, which can mea-
sure the above meteorological parameters. It uses capacitive silicon BARO-
CABP capacitive ceramic THERMOCAP, capacitive thin film polymer HUMICAP,
and WINDCAP sensors for pressure, temperature, relative humidity, and wind
(speed and direction) measurements respectively. The measurement princi-
ple of the pressure (BAROCAP), temperature (THERMOCAP), and relative hu-
midity (HUMICAP) sensors are based on the RC oscillators and two reference
capacitors against which the capacitance of the sensors are continuously mea-
sured. The wind sensor (WINDCAP) has an array of three equally spaced ultra-
sonic transducers on a horizontal plane and the wind parameters (speed and
direction) are estimated by measuring the time it takes the ultrasound to travel
from each transducer to the other two. The meteorological data measured at a

temporal resolution of 10 s during 2015-2016 over the study locations are used.

2.3.2 National Center for Environmental Prediction

The National Center for Environmental Prediction (NCEP)/National Center for
Atmospheric Research (NCAR) reanalysis meteorological dataset represents
the state of the Earth’s atmosphere utilising various meteorological observa-

tions (approximately 7-9 million observations) and numerical weather predic-
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tion model output. The reanalysis data are available for various meteorolog-
ical parameters (temperature, relative humidity, wind, vertical velocity, pres-
sure, etc.) at 17 pressure and 28 sigma levels as 6-hourly, daily and monthly
mean observations. The NCEP/NCAR reanalysis data can be downloaded from
https://www.esrl.noaa.gov/psd/data/gridded/ data.ncep.reanalysis.html. The
present study utilises the NCEP/NCAR reanalysis monthly average synoptic

wind patterns over India and surrounding regions.

2.3.3 European Centre for Medium-Range Weather Forecast

The European Centre for Medium-Range Weather Forecast (ECMWEF) is one of
the world’s largest archive of numerical weather prediction data. Numerical
weather prediction (NWP) requires meteorological data measured by various
Earth (surface and vertical) observation systems (like automatic and manned
weather stations, aircraft, ships, weather balloons, radar, wind profiler, and
satellites). These observed data are assimilated to generate an initial state of a
computer model of the atmosphere. The ECMWEF provides the various atmo-
spheric parameters like temperature, wind, boundary layer height, clear sky
surface photosynthetically active radiation, convective precipitation, down-
ward UV radiation at the surface, cloud cover, mean sea level pressure, sea
surface temperature, sunshine duration, surface net solar radiation, incident
solar radiation, total column ozone, total column water vapor, total precipita-
tion, etc. The ECMWF dataset at a spatial resolution of 0.25° x0.25° has been
downloaded from https://www.ecmwf.int/. In the present study the atmo-
spheric boundary layer height data is used for Ahmedabad only (because of
plane topography) from the ECMWEF reanalysis data.

2.3.4 Hybrid Single-Particle Lagrangian Integrated Trajectory

The Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) model
is a mathematical tool for computing air mass transport, dispersion, and de-
position simulations (Draxler and Hess, 1998). The model uses the Lagrangian

approach (dynamic frame of reference is used for the computation of advec-
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tion and diffusion processes as the air parcels are non-stationary), and the
Eulerian approach (stationary 3D gridded frame of reference for the estima-
tion of pollutant concentrations) in the computational process. This model
is being used widely to investigate the air mass trajectories and source recep-
tor relationships. It uses meteorological data from the Global Data Assimi-
lation System (GDAS) model. GDAS is an atmospheric model which utilises
the available/reported various surface (land and sea) and vertical (meteoro-
logical balloon, wind profiler, aircraft, ship, radar, and satellite) meteorological
data and assimilate them with the computation of numerical weather predic-
tion models. The online and computer based HYSPLIT models are available
at https://ready.arl.noaa.gov/HYSPLIT.php. In order to examine the potential
source areas and their transport route over the study locations, 7 day (mean
residence time of aerosols in the lower atmosphere) back trajectory analysis is
undertaken using the Hybrid Single Particle Lagrangian Integrated Trajectory
(HYSPLIT) model (version 4.9) corresponding to an altitude of 500 m above
ground level (Draxler and Hess, 1998). Surface effects can dominate the back
trajectory below 500 m, and therefore, back trajectory at 500 m was chosen to
examine the influence of transport. The daily trajectory in each month was
assigned to clusters according to their magnitude and direction using the k-
mean cluster algorithm in the HYSPLIT model. Trajectory clustering mini-
mizes the variability among the trajectories within a cluster, and maximizes
the variability between the clusters (Toledano et al., 2009). The k-mean cluster
algorithm used in this work is a widely employed technique to quantify trans-
port patterns and potential sources of both anthropogenic pollution and nat-
ural aerosols (Wang et al., 2010). The optimal number of significant clusters
is obtained from the total spatial variance plot against the number of clusters,
and in the present study it is found that 5 clusters can best represent the me-

teorological features.
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2.3.5 Fire count

The Moderate Resolution Imaging Spectroradiometer (MODIS) views the en-
tire Earth’s surface every 1-2 days and acquires data in 36 spectral bands. It has
a 1 km resolution in the mid and longwave infrared bands, which are used to
detect actively burning fires. MODIS fire and thermal anomalies product is a
hotspot detection product to estimate the occurrence of fire and hot objects
on Earth’s surface. The spatial distribution of biomass burning, which is one
of the potential source of black carbon aerosols, is examined by analysing the
MODIS cloud corrected fire count version 5 monthly data available at 1° x 1°

resolution.

2.4 Radiative forcing estimation

The spectral optical properties are derived using Optical Properties of Aerosols
and Clouds (OPAC) model Hess et al. (1998), which are needed as inputs for
the estimation of aerosol radiative forcing using Santa Barbara DISORT Atmo-
spheric Radiative Transfer (SBDART) model (Ricchiazzi et al., 1998).

2.4.1 Optical Properties of Aerosols and Clouds

The Optical Properties of Aerosols and Clouds (OPAC) model (Hess et al., 1998)
provides the microphysical and optical properties of atmospheric particulate
matter in the wavelength range of 0.25 to 40 yum. OPAC is a software pack-
age that consists of dataset (of optical and physical properties of cloud and
aerosol at 8 humidities (0, 50, 70, 80, 90, 95, 98, and 99%)), and a Mie scatter-
ing FORTRAN code (to extract the optical and physical properties of species
from the dataset, to compute additional spectral optical properties, and to es-
timate the optical properties of mixtures of aerosol components). OPAC con-
sists of ten major aerosol components viz., water soluble aerosols (typically
nitrate and sulfate aerosols of anthropogenic origin), insolubles (typically soil
particles), black carbon (anthropogenic origin), sea salts (natural origin in ac-

cumulation and coarse mode), mineral dust (natural origin from arid surface
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in three modes), mineral-transported and sulfate droplets (Hess et al., 1998). It
also quantifies the various aerosol types (Continental clean, Continental aver-
age, Continental polluted, Urban, Desert, Maritime clean, Maritime polluted,
Maritime tropical, etc.) with different aerosol components and corresponding
particle number density (Hess et al., 1998). The model can be used to construct
new mixtures from the available aerosol components to match the observa-

tions. The model sensitivity and its role are discussed in Chapter 5.

2.4.2 Santa Barbara DISORT Atmospheric Radiative Transfer

Aerosol radiative forcing (ARF) is computed using Santa Barbara DISORT At-
mospheric Radiative Transfer (SBDART), 1998) code in the shortwave (0.25-4.0
pm) as well as longwave (4.0-40.0 ym) range (Ricchiazzi et al., 1998). SBDART
algorithm is being widely used for the estimation of radiation budget of the
Earth-atmosphere system. It calculates the plane-parallel radiative transfer
equations both in clear and cloudy sky conditions for the Earth-atmosphere
system. It uses the low resolution band models of LOWTRAN-7 atmospheric
transmission code for molecular absorption. Radiative transfer equations are
numerically integrated using Discrete Ordinate Radiative Transfer (DISORT)
module (Stamnes et al., 1988). The DISORT presents a stable solution to the
plane-parallel radiative transfer equations in the Earth-atmosphere system.
SBDART can be configured for 65 atmospheric layers and 40 radiation streams;
in the present study we have used 65 atmospheric layers and 20 radiation
streams in the shortwave (Chapter 1, Section 1.3) radiative transfer calcula-
tions at the surface, top of the atmosphere, and atmosphere. The model sen-

sitivity and radiative forcing estimates are discussed in Chapter 5.

2.5 Observational locations

The aerosol measurements were carried out at Physical Research Laboratory
(PRL), Ahmedabad (23.03°N, 72.55°E, 55 m above mean sea level (AMSL)),
and at Optical Aeronomy Laboratory, IR Observatory, Gurushikhar, Mt. Abu
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(24.65°N, 72.78°E, 1680 m AMSL) in western India (Figure 2.6). Ahmedabad
is an urban, semi-arid, densely populated (population in excess of 7 million),
and one of the industrially developed districts of Gujarat state in western In-
dia. Ahmedabad is located in Central Gujarat and has several micro, small,
medium and large industries of various types (related to textiles, chemicals,
machinery, metal products, pharmaceutical, engineering, plastics, electrical
appliances, electronics, automobiles etc.). Two thermal power plants (coal-
based) are placed in the vicinity (10-25 km away) of the observational location
in Ahmedabad. The other observational site is a high altitude remote site in
mountain region (Gurushikhar), and is about 200 km away from Ahmedabad
in western India (Figure 2.6). Gurushikhar is is the highest point of the Aravalli
Range and a pristine site in the Arbuda Mountains of Rajasthan in western In-
dia. The city of Mount Abu (1180 m AMSL) lies downhill from Gurushikhar at
a distance of 15 km on a high rocky plateau and surrounded by forests. The
city of Mount Abu is a popular hill station and a tourist destination in the Ar-
avalli range. To the northwest of the Gurushikhar location lies Abu road (280
m AMSL) at a distance of 40 km in the hills of the Aravalli range and has signifi-
cant anthropogenic activity. The population from the city of Mount Abu which
is located at an elevation of 1180 m AMSL up to Gurushikhar is of the order to
25000. The high altitude site can be characterised as a remote location because
of very negligible anthropogenic emissions within the immediate vicinity.
Hence, aerosol measurements over this site represent background condi-
tion on a regional scale. Both the observational sites (Ahmedabad and Gu-
rushikhar) are influenced by mineral dust from the Thar Desert, sea salt from
the Arabian Sea, and black carbon aerosols from the Indo Gangetic Plain

(north-northeastern part of India) during the year (Figure 2.6).

Depending on the prevailing meteorology over the study region the
entire year is divided as winter (December-January-February), premonsoon
(March-April-May), monsoon (June-July-August-September) and postmon-
soon (October-November) seasons. Maximum ambient air temperature is ob-

served during premonsoon (32 and 22°C) followed by monsoon (31 and 20°C),
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% Ahmedabad (23.03°N, 72.55°E, 55m AMSL)
Y Gurushikhar, Mt. Abu (24.65°N, 72.78°E, 1680m AMSL)

+*Arabian Sea - Bay of Bengal

Chennai

Figure 2.6: Map of India showing the study locations (Ahmedabad and Gu-
rushikhar) in the western India region (Google Earth Images). Delhi, Mumbai,
Chennai, and Kolkata, metro cities in India, are also shown. The synoptic wind
patterns during winter, premonsoon, monsoon, and postmonsoon are shown
in green, brown, blue, and white respectively. Latitude, longitude, and altitude
(above mean sea level (AMSL)) of Ahmedabad and Gurushikhar are given above.

postmonsoon (27 and 17°C) and winter (22 and 14°C) at the observational sites
(Ahmedabad and Gurushikhar). The monthly mean air temperature shows the
highest value during May and lowest values during January (Figure 2.7a). The
relative humidity (RH) is highest during monsoon (68 and 69%) with maxi-

mum RH in August (Figure 2.7b). The mean surface wind speeds consistently
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Figure 2.7: Monthly average (a) temperature (°C), (b) relative humidity (RH, %),
(c) wind speed (ms~'), and rainfall (mm) over Ahmedabad and Gurushikhar
during 2015-2016. Vertical bars show =+ 1o variation from the mean.

increase from winter (1.5 and 1.7 ms~!) to monsoon (3.1 and 3.7 ms™!), and

then decrease. The maximum mean surface wind speeds are observed dur-
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Figure 2.8: Synoptic average wind stream (ms—') over India during winter (Dec
(a), Jan (b), and Feb (c)), premonsoon (Mar (d), Apr (e), and May (f)), monsoon
(Jun (g), Jul (h), Aug (i), and Sep (j)), and postmonsoon (Oct (k), and Nov (1))
for 2015 - 2016. The wind field data are obtained from NCEP/NCAR reanalysis.
Filled red and blue circles represent Ahmedabad and Gurushikhar respectively.
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Figure 2.9: Monthly trajectory cluster plot over Ahmedabad during winter (Dec
(a), Jan (b), and Feb (c)), premonsoon (Mar (d), Apr (e), and May (f)), monsoon
(Jun (g), Jul (h), Aug (i), and Sep (j)), and postmonsoon (Oct (k), and Nov (1)) at
500 m above ground level for 2015 and 2016. The cluster numbers 1, 2, 3, 4 and
5 are plotted in colors red, black, brown, green and blue respectively.
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Figure 2.10: Monthly trajectory cluster plot over Gurushikhar during winter
(Dec (a), Jan (b), and Feb (c)), premonsoon (Mar (d), Apr (e), and May (f)), mon-
soon (Jun (g), Jul (h), Aug (i), and Sep (j)), and postmonsoon (Oct (k), and Nov
(1)) at 500 m above ground level for 2015 and 2016. The cluster numbers 1, 2, 3,
4 and 5 are plotted in colors red, black, brown, green and blue respectively.
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ing July (4.0 and 4.8 ms™!) at the observation locations (Ahmedabad and Gu-
rushikhar, Mt. Abu) (Figure 2.7c). About 97% of the rainfall over Ahmed-
abad and Gurushikhar is distributed over the monsoon period of June (97 and
221 mm), July (525 and 567 mm), August (125 and 323 mm), and September
(82 and 10 mm) (Figure 2.7d) during 2015-2016. The mean synoptic surface
winds over the study locations exhibit significant variability in wind speed and
wind direction (Figure 2.8). During premonsoon the winds (dry and moder-
ate speed) are from the west, while the winds (moist and stronger) are from
the Arabian Sea and west during monsoon. The wind starts changeover from
southwest to northeast during postmonsoon, whereas during winter the winds
(dry and calm) are from north-northeasterly. The cluster mean trajectories and
their contributions (percentage) are computed for each month at both the ob-
servational locations. The cluster mean trajectories are similar over Ahmed-
abad and Gurushikhar, which, however, exhibit significant seasonal variability

(Figures 2.9 and 2.10) similar to wind patterns (Figure 2.8).
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Optical and physical characteristics
of aerosols over urban and high

altitude remote locations

The optical properties of aerosol describe the interaction between aerosol and
electromagnetic radiation. Scattering is a process through which when a par-
ticle interacts with an incident electromagnetic wave it extracts energy from
the incident wave and reradiates the incident energy in 47 directions. Scatter-
ing can be classified into two categories (i) elastic scattering (the wavelength
of the scattered radiation is same as the incident radiation), and (ii) inelastic
scattering (the wavelength of the scattered radiation is different from that of
the incident radiation). Depending on the size of the particle as compared to
the wavelength of the incident radiation the elastic scattering is further clas-
sified into two categories (i) Rayleigh scattering and, (ii) Mie scattering. When
the particle radius is much smaller than the incident wavelength (< 0.03 A, A
is the wavelength), the scattering is called Rayleigh scattering. Air molecules
are the chief Rayleigh scatterers in the atmosphere. Rayleigh scattering varies
inversely as the fourth power of the wavelength, with equal amount of fluxes
scattered in both forward and backward hemispheres, and therefore, the scat-
tering is symmetric. As the particle radius becomes comparable to the incident
wavelength the scattering process is no more symmetric and is described by
Mie scattering. In Mie scattering more radiation is scattered in the forward di-

rection than in the backward direction. Aerosols are the chief Mie scatterers in
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the atmosphere. The energy scattered (I,.,) or absorbed (I.;,) by the particles

is directly proportional to the incident intensity (Iy), and given as

]sca,abs = Ksca7abs [0 (3.1

where K., and K, are the single particle scattering and absorption cross sec-
tions (m?) respectively. Scattering or absorption cross section of a particle is a
measure of the probability of scattering or absorption process, and depends
on its geometrical cross section and the scattering (Qs.,) or absorption (Qus)
efficiency. The scattering ((s.,) or absorption (@) efficiency is defined as the
ratio of scattering or absorption cross section to the geometrical cross section
of the spherical particle, and is given as

Ksca aos
- (3.2)
nr

Qsca,abs =

Extinction efficiency (Q.,) of the particle is the sum of the scattering and ab-

sorption efficiencies

Qeazt = Qsca + Qabs- (33)

According to Mie theory, scattering efficiency of a spherical particle depends
on the size parameter = (= %, where ) is the wavelength of the incident ra-
diation and r is the particle radius) and complex refractive index m = p + iq
(where p (real part) and g (imaginary part) represent the scattering and ab-
sorption properties of aerosols respectively). The aerosol scattering, absorp-
tion, and extinction coefficients are estimated using the number size distribu-
tion of aerosol population and its efficiency of interaction with radiation. For a
monochromatic beam of radiation, scattering (5,.,) and absorption (f,) co-

efficients (Bohren and Huffman, 1983) are defined as

ﬁsca,abs(/\) = /r2 7TT2 Qsca,abs (I, TTL) n(r) dr (34)

r1
where n(r) is the number distribution of aerosols per unit volume per radius

range between r; and r,. The extinction (3.,;) coefficient is defined as the sum
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of the scattering and absorption coefficients and is written as

Bezt()\) = ﬂsca(A) + Babs()\>‘ (35)

Aerosol optical depth (AOD) is a quantitative measure of the extinction
(scattering + absorption) of solar radiation due to aerosols when the solar ra-
diation passes through the atmosphere and reaches the Earth’s surface. It is
the most important parameter in the radiative transfer calculations and repre-
sents the columnar aerosol loading. The total optical depth () following Beer

Lambert’s law is given as

1 I

(3.6)

where / is the surface measured direct solar irradiance, I, is extraterrestrial so-
lar irradiance, m is the air mass or relative path length and 7 is the total optical
depth at wavelength ) is expressed as the sum of the 74, (Rayleigh optical
depth due to air molecule scattering), 7..,.s.; (aerosol optical depth, AOD), and
Tmo (Optical depth due to molecular (ozone, nitrogen dioxide or water vapor)

absorptions)

T()\) = TRayleigh<)\) + Taerosol<)\) + Tmol<)\)- (37)

Aerosol optical depth (AOD, T,.,.s0) 1S determined by subtracting 7rgyeign and

Tmot from 7 and is given as

Taerosol(/\) - T(/\) - TRayleigh(/\) - Tmol(/\)- (38)

Typically, the AOD values (a unitless quantity) range from 0.02 for a very clean
area to 0.6 for fairly polluted area and it can be as high as 1.5 during heavy

biomass burning or dust event.
The probability of a photon to be scattered rather than absorbed while
interacting with a particle is defined as the single scattering albedo (SSA) of

that particle, and is represented as
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BuaN) _  Buns(V)
Beat(N) Beat(N)
The single scattering albedo can vary from 0 (perfect absorber) to 1 (perfect
scatterer). SSA of black carbon is 0.23 while SSA of sulfate and sea salt is ~1 at
0.55 um (Hess et al., 1998).

SSA = 3.9

The spectral scattering coefficients can be further analyzed to get an in-
sight into the sizes of particles (smaller or larger) which dominate the aerosol
size distribution. Angstrom exponent (o) describes the dependence of aerosol
scattering coefficient on wavelength and can be expressed for the wavelength

range 0.45 to 0.7 pm as

- —In[Ba(0.70)/Beea (0-45)
[n[0.70,/0.45]

(3.10)

The parameter o provides qualitative information of the particle sizes that
dominate the aerosol size distribution. Higher a values indicate the domi-
nance of smaller particles in scattering while smaller values arise due to in-
crease of larger particles in an aerosol size distribution. Typically, « val-
ues approaching 4 represent air molecules (particle sizes being much smaller
than the incident wavelength), whereas, a values near zero represent particles

much larger than the wavelength.

The angular distribution of light intensity scattered by a particle at a given
wavelength is known as the phase function (P). It is defined as the ratio of the
energy scattered by aerosols per unit solid angle in a given direction (f) with
respect to the incident direction, to the average energy scattered per unit solid

angle in all directions and is written as

1(0)
Jo 1(0)siné do

P(f) = (3.11)

where /(6) is the intensity of scattered radiation in the direction 6. The aerosol

asymmetry factor (g) is defined as the cosine-weighted average of the phase
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function P(#) and is written as

Jo P(0)cost d(cosb)

97 T P(0) d(cosb)

(3.12)

The asymmetry factor is important in radiative transfer models of the atmo-
sphere which take into account the angular scattering of radiation. The value
of g ranges from -1 for complete back scattering to +1 for complete forward
scattering. ¢ = 0 for isotropic scattering (e.g., air molecules). Globally, ¢ values
are heterogeneous, and vary from 0.5 (polluted) to 0.75 (dust/seasalt domi-
nated) for aerosols at 0.55 ym. For pristine (aerosol free) environment values
are close to 0.1. To date there exists no experimental method for the direct
measurement of asymmetry parameter of aerosols. Andrews et al. (2006) has
given an empirical relation between hemispheric backscatter fraction (b) and
g based on the plot of Wiscombe and Grams (1976), and used the equation to

derive g,

g = —7.143889 b% + 7.464439 b* — 3.96356 b + 0.9893. (3.13)

Hemispheric backscatter fraction (b) is a unitless parameter and is defined as
the ratio of light scattered into the backward (90°-180° scattering angles) hemi-
sphere (5,s.,) to total light scattered (0°-180° scattering angles) (5s.,) (Charlson
et al.,, 1984). It can be measured directly with an integrating nephelometer
equipped with backscatter shutter. The backscatter fraction is 0.5 for Rayleigh
scattering. This factor is found to be largely a function of the composition of

the particulate matter and the value decreases as the particle size increases.

3.1 Optical and physical characteristics of aerosols

over an urban location: Ahmedabad

The aerosol scattering (f,.,) and absorption (5,,s) coefficient measurements
were conducted over an urban location, Ahmedabad using nephelometer (TSI
3563) and aethalometer (AE31) respectively during 2015-2016 (Chapter 2). As
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a quality control, data collected during the local festivals (Diwali, Holi, Navra-
tri) days have not been utilised in the present study, because, the magnitudes
of B, and (s were quite high (2-5 times) during these festivals. During
these festivals an unusual, and a significant increase in the vehicular traffic
and accompanying emissions modulate the optical and physical properties of

aerosol patterns and their levels (Ramachandran and Rajesh, 2007).

Table 3.1: Number of days of aerosol scattering (Gs..) and absorption (5,,s) coef-
ficient measurements over Ahmedabad during 2015-2016. Total number of days
of Bsca and Bus measurements are 684 and 685 days. The data gaps are due to
maintenance of the instruments over Ahmedabad.

Ahmedabad

Month  Bea  Babs
Jan 62 60
Feb 56 53
Mar 55 55
Apr 60 60
May 59 62
Jun 56 59
Jul 62 62
Aug 62 62
Sep 58 58
Oct 45 45
Nov 47 47
Dec 62 62

Total of 684 and 685 days of ;. and f,,; measurements at a temporal reso-
lution of 5 min over Ahmedabad during 2015-2016 were used in the present
study (Table 3.1). The intra-seasonal variability in observed optical properties
of aerosol over the study locations was higher than the inter-annual variability,
hence in the present work, optical and physical properties of aerosols are com-
puted as a function of 2 year mean (2015-2016) for each month over Ahmed-
abad.
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3.1.1 Aerosol scattering and absorption coefficients

Temporal variations

The aerosol optical properties (scattering (/3,.,) and absorption (/,s) co-
efficients at 0.55 um) exhibit typical diurnal variability (Figures 3.1 and 3.2)
with two maxima and two minima over Ahmedabad. The diurnal variation
of (s, and f,,s over Ahmedabad are primarily influenced by the atmospheric
boundary layer dynamics (Figure 3.3). Atmospheric boundary layer shows
typical diurnal variability (Figure 3.3) with a maxima during noontime. The
parameters [,., and f,,s show first maxima during morning (07-09 hrs) due
to a substantial increase in the anthropogenic activities and the atmospheric
boundary layer dynamics. Typically, atmospheric boundary layer is convec-
tive during daytime (Figure 3.3), when the Sun rises and heats the Earth sur-
face, which emits the terrestrial radiation which in turn heats the lowest layer
of the atmosphere. After 09 hrs, Earth’s surface insolation increases which
increases the atmospheric boundary layer height and increases the convec-
tive mixing of air which transports aerosols to higher altitudes (Figure 1.2) in
the atmosphere thereby causing a dilution of aerosol concentration near the
Earth’s surface. The parameters ., and (,,s decrease as day advances (Figure
3.3) and attains a minimum around 15-16 hrs due to ABL evolution as well
as decrease in aerosol emissions. The second maxima is found during late
evening (19-21 hrs) due to combined effects of the increase in production of
aerosols due to various anthropogenic emissions and the atmospheric bound-
ary layer dynamics. After late evening, in addition to increase in the produc-
tion of aerosols, formation of inversion layer inhibits convective mixing of air

and therefore aerosols get piled up near the Earth’s surface.

During nighttime, the atmospheric boundary layer is generally stable and
cools the lowest layer of the atmosphere. After around 21 hrs, although aerosol
production starts declining from most of these sources, their removal (mostly

by gravitational settling) remains active. This removal process exists the whole
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Figure 3.1: Diurnal evolution of aerosol scattering coefficient (Bsca, Mm™") over
Ahmedabad during winter (Dec (a), Jan (b), and Feb (c)), premonsoon (Mar (d),
Apr (e), and May (f)), monsoon (Jun (g), Jul (h), Aug (i), and Sep (j)), and post-
monsoon (Oct (k), and Nov (1)) at 0.55 um. Vertical bars represent + 1o deviation
from the mean.
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Figure 3.2: Diurnal evolution of aerosol absorption coefficient (B, Mm™!) over
Ahmedabad during winter (Dec (a), Jan (b), and Feb (c)), premonsoon (Mar (d),
Apr (e), and May (f)), monsoon (Jun (g), Jul (h), Aug (i), and Sep (j)), and post-
monsoon (Oct (k), and Nov (1)) at 0.55 um. Vertical bars represent + 1o deviation
from the mean.
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Figure 3.3: Diurnal evolution of atmospheric boundary layer (ABL, m) over
Ahmedabad during winter (Dec (a), Jan (b), and Feb (c)), premonsoon (Mar (d),
Apr (e), and May (f)), monsoon (Jun (g), Jul (h), Aug (i), and Sep (j)), and post-
monsoon (Oct (k), and Nov (1)) for 2015 and 2016. Vertical bars represent + 1o
deviation from the mean.
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night, and f,., and S, reach minima between 04-05 hrs. The parameters (.,
and S,,s show similar variations over Ahmedabad (Figures 3.1 and 3.2), how-
ever, (. is higher than j,,; by a factor of 5 throughout the year. The signifi-
cant maxima and minima in the diurnal variation of 5,., and 53, are observed
during winter (December, January, and February) and postmonsoon (October
and November). During monsoon (. and [, exhibit a very weak diurnal
variation as compared to other seasons as aerosols are removed because of
wet deposition. There exists a small phase lag between the diurnal variation of
Babs and f., (Figures 3.1 and 3.2), because [, is estimated using aethalome-
ter which measures the attenuation due to particles from vehicular exhausts
or biomass/biofuel burning which is directly released into the atmosphere,
whereas ., measured using nephelometer which measures scattering type
aerosols which are secondary aerosols formed by gas-to-particle conversion
processes. Although most of these precursor gases are emitted at the same
time along with absorbing aerosols, as is seen it takes slightly longer time for

the formation of secondary aerosols in the submicron size.

The maximum amplitude of diurnal variation in 3., and (., are 421 and
147 respectively during January and December. During winter, because of low
ambient temperature people burn biomass materials to make them comfort-
able which results in higher anthropogenic emissions, in addition, the atmo-
spheric boundary layer is low (Figure 3.3) and surface wind speed is also low
(Figure 2.7); all these factors contribute to a significant increase in the near
surface aerosol optical properties. The minimum amplitude of diurnal vari-
ation in f,., and . are 27 and 15 during June respectively. The amplitude
variation in f,., and f, are < 50 and 40 respectively during monsoon. The
typical diurnal variation of 5,., and ;s can be attributed to a variety of factors
that include production mechanisms, variations in their source strengths, re-
moval mechanisms, variations in atmospheric boundary layer height and sur-

face meteorology.

The parameters (., and [,,s show a right-skewed distribution (Figures
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Figure 3.4: Frequency distribution of nephelometer measured hourly aerosol
scattering coefficient (Bsca, Mm™") over Ahmedabad during winter (Dec (a), Jan
(b), and Feb (c)), premonsoon (Mar (d), Apr (e), and May (f)), monsoon (Jun (g),
Jul (h), Aug (i), and Sep (j)), and postmonsoon (Oct (k), and Nov (1)).
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Figure 3.6: Diurnal evolution of backscattering coefficient (Bysca, Mm™") over
Ahmedabad during winter (Dec (a), Jan (b), and Feb (c)), premonsoon (Mar (d),
Apr (e), and May (f)), monsoon (Jun (g), Jul (h), Aug (i), and Sep (j)), and post-
monsoon (Oct (k), and Nov (1)) at 0.55 um. Vertical bars represent + lo deviation
from the mean.
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3.4 and 3.5). The observed mode in 3, is between 100-150 Mm~! during
March - October, which shifts to higher modes during November - January.
The mode in 3, is found between 15-20 Mm~! during March - September,
which shifts to higher modes during October - February. The frequency dis-
tribution of ., and 5. is found to be broader during winter (December, Jan-
uary, February) and postmonsoon (October and November) owing to low sur-
face wind speed and shallow atmospheric boundary layer which traps the pol-
lutants near Earth’s surface. Back scattering coefficient (5y,.,) at 0.55 ym shows
similar variations (Figure 3.6) as ., over Ahmedabad.

Monthly and Seasonal variations
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Figure 3.7: Box and whisker plots of aerosol scattering coefficient (8o, Mm™")
measured using nephelometer over Ahmedabad during 2015-2016 as function
of season (winter, premonsoon, monsoon, and postmonsoon). The range of the
box represent the limits of the 25" and 75" percentile data. The whiskers spread-
ing from the box illustrate the limits of the 10" and the 90" percentile data.
Yellow lines show the average of the data. The maximum and minimum and
maximum in each box are represented by dots.

Aerosol scattering (/,.,) and absorption (5,,) coefficients exhibit signif-
icant monthly and seasonal variations over Ahmedabad. As (., and (s €x-
hibit a right-skewed distribution the monthly mean is visualised using box and

whisker plots (Figures 3.7 and 3.8). The highest 3, is found during January,
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Figure 3.8: Box and whisker plots of aerosol absorption coefficient (Bus, Mm™")
measured using aethalometer over Ahmedabad during 2015-2016 as function of
season (winter, premonsoon, monsoon, and postmonsoon). The range of the box
represent the limits of the 25" and 75" percentile data. The whiskers spreading
from the box illustrate the limits of the 10" and the 90" percentile data. Yellow
lines show the average of the data. The maximum and minimum and maxi-
mum in each box are represented by dots.

and f;., gradually decreases and is lowest during July (Figure 3.7). . gradu-
ally decreases from January and is minimum during July. Then, S, increases
till November and December f,,; values are comparable with November val-
ues (Figure 3.8). The maximum [, is found during November over Ahmed-
abad. A systematic seasonal variation is seen in f3,., and S,;s, with winter max-
imum and monsoon minimum (Table 3.2). S, and 5, show a decreasing
trend from winter to monsoon (Table 3.2). Higher values of j;., and /,,s could
arise owing to shallow atmospheric boundary layer (ABL), and increase in an-
thropogenic emissions during winter and postmonsoon, which contribute sig-
nificantly to the production of both scattering and absorbing type atmospheric
aerosols. During premonsoon and monsoon, the air masses originate/travel
from/over Arabian Sea bringing in relatively clean air masses with less conti-
nental influence to the observational site, which results in decrease in these
values. The minimum fg,., and g, are found during monsoon over Ahmed-

abad. During monsoon, S, is found to be a factor of 4 lower than winter,
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whereas [, is a factor of 5 lower than postmonsoon values. As the f,., and
Baps €xhibit a right-skewed distribution (non-Gaussian distribution), the me-
dian and mean of the distribution agree within 10% throughout the year over
Ahmedabad. In a Gaussian or normal distribution the median is equal to the

mean of distribution.

3.1.2 Single scattering albedo

Temporal variations

The typical diurnal variation seen in surface single scattering albedo
(8S4) is a combined effect of scattering and absorption by aerosols in the at-
mosphere (Figure 3.9). Surface SSA is estimated using j,., and f,,s obtained
from nephelometer and aethalometer respectively. SSA shows two minima
during the morning (07-09 hrs) and evening (19-21 hrs) coinciding with the
Bsea @and S peaks in the morning and evening due to the dominance of ab-
sorbing aerosols from the anthropogenic emissions, and an afternoon maxima
over Ahmedabad (emissions are significantly low) (Figure 3.9). The diurnal
variation in SSA is anti-correlated to the j3,., and S, over an urban location,
Ahmedabad. The morning and evening dips in SSA (Figure 3.9) throughout the
year suggest a consistent and significant presence of absorbing aerosols from
various fossil fuel and biomass burning over Ahmedabad. Higher diurnal vari-
ation in SSAis found during monsoon due to the dominance of scattering type
aerosols (sea salt) over Ahmedabad, which further decreases during postmon-

soon and winter due to the dominance of absorbing type aerosols (Figure 3.9).
Monthly and Seasonal variations

The SSA near surface exhibits significant monthly and seasonal variations over
Ahmedabad. SSAis found to vary from 0.67 to 0.89 over Ahmedabad during the

study period. Higher SSA signifies the dominance of scattering type aerosols,

whereas lower SSA reveals the dominance of absorbing type aerosols. Maxi-
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Figure 3.9: Diurnal evolution of single scattering albedo (SSA) over Ahmedabad
during winter (Dec (a), Jan (b), and Feb (c)), premonsoon (Mar (d), Apr (e), and
May (f)), monsoon (Jun (g), Jul (h), Aug (i), and Sep (j)), and postmonsoon (Oct
(k), and Nov (1)) at 0.55 pm. Vertical bars represent + 1o deviation from the
mean.
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mum and minimum SSA are observed during July and November (Figure 3.10).
Surface SSA decreases from January to May, then it gradually increases to reach
a maximum during July and afterwards it decreases (Figure 3.10). The highest
surface SSA is found during monsoon (Table 3.2) because of the dominance
of scattering type aerosols as air masses that travel over Arabian Sea bring in
scattering type aerosols (sea salt) to the observational site (Figure 2.9). The
lowest surface SSA is observed during postmonsoon due to the dominance of
absorbing type aerosols over Ahmedabad (Table 3.2). Surface SSA is found to
increase from winter to monsoon (Table 3.2) corroborating the increase in the
dominance of scattering type aerosols. The year-to-year variation in SSA dur-
ing 2015-2016 is < 10% (Figure 3.14) which is within the measurement uncer-
tainties (15%).
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Figure 3.10: Monthly mean surface single scattering albedo at 0.55 m for 2015,
2016, and average of 2015 - 2016 as function of season (winter, premonsoon,
monsoon, and postmonsoon) over Ahmedabad. Vertical bars indicate + 1o vari-
ation with respect to mean.

The columnar SSA derived from OMI also increases from winter to pre-
monsoon although the magnitude of columnar SSA is higher than the surface
derived SSA throughout the year (Figure 3.11) (Table 3.2). The surface SSA is
lower than the columnar SSA as most of the black carbon (which are absorbing
species) are concentrated near the surface, hence, the aerosol absorption co-
efficients near the surface will be higher when compared to the column. The

annual mean surface and column SSA are found to be 0.81 + 0.03 and 0.91 +
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0.01 respectively over Ahmedabad.
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Figure 3.11: Monthly mean columnar single scattering albedo at 0.50 um dur-
ing 2015-2016 as function of season (winter, premonsoon, monsoon, and post-
monsoon) over Ahmedabad. Vertical bars indicate + 1o variation with respect
to mean.

3.1.3 Angstréom exponent, Backscatter fraction, and Asymme-

try parameter

Temporal variations

The diurnal variations in Angstr()'m exponent () and backscatter fraction (b)
exhibit morning and evening peaks (Figures 3.12 and 3.13), whereas, the asym-
metry parameter (g shows corresponding dips (Figure 3.14) which coincide
with the peaks observed in 5., (Figure 3.1) and (., (Figure 3.6). The param-
eters o, b, and g are derived using the aerosol scattering coefficients, and are
found to vary in the range of 0.5 to 2.0, 0.10 to 0.15, and 0.53 to 0.69 respec-
tively over Ahmedabad. Higher « and b, and lower gindicate the dominance of
smaller size particles, whereas, lower « and b, and higher gindicate the domi-
nance of larger size particles. The morning and evening peaks in « and b, and
dips in g suggest the dominance of smaller size aerosols over Ahmedabad oc-
curring due to vehicular and domestic emissions, and « and b track each other
(Figures 3.12 and 3.13). These results suggest that as backscattering increases

the size distribution shifts to smaller particles resulting in higher « values. The
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Figure 3.12: Diurnal evolution of scattering Angstrom exponent (o) over
Ahmedabad during winter (Dec (a), Jan (b), and Feb (c)), premonsoon (Mar (d),
Apr (e), and May (f)), monsoon (Jun (g), Jul (h), Aug (i), and Sep (j)), and post-
monsoon (Oct (k), and Nov (1)) using ... measured at 0.45, 0.55 and 0.70 pm.
Vertical bars represent + 1o deviation from the mean.
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Figure 3.13: Diurnal evolution of aerosol backscatter fraction (b) over Ahmed-
abad during winter (Dec (a), Jan (b), and Feb (c)), premonsoon (Mar (d), Apr (e),
and May (f)), monsoon (Jun (g), Jul (h), Aug (i), and Sep (j)), and postmonsoon
(Oct (k), and Nov (1)) at 0.55 pm. Vertical bars represent + 1o deviation from the
mean.
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Figure 3.14: Diurnal evolution of asymmetry parameter (g) over Ahmedabad
during winter (Dec (a), Jan (b), and Feb (c)), premonsoon (Mar (d), Apr (e), and
May (f)), monsoon (Jun (g), Jul (h), Aug (i), and Sep (j)), and postmonsoon (Oct
(k), and Nov (1)) at 0.55 pm. Vertical bars represent + 10 deviation from the
mean.
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parameter gincreases with size of the particle and « decreases leading to an

anti-correlation between « and g (Figures 3.12 and 3.14).
Monthly and Seasonal variations

The Angstrb’m exponent («), backscatter fraction (b), and asymmetry param-
eter (g exhibit significant monthly variations over Ahmedabad (Figure 3.15).
The parameter « is estimated using f,., measured at 0.45, 0.55 and 0.70 pm,
whereas the parameters b and g are derived using .., and (.., measured at
0.55 um. The Angstrém exponent and backscatter fraction decrease from Jan-
uary to July then increase afterwards (Figures 3.15a and 3.15b), whereas, the
asymmetry parameter increases from January to July then gradually decreases
(Figure 3.15c). The maximum « and b, and minimum g are found during
November which suggests the dominance of smaller size particles due to rel-
ative increase in the anthropogenic emissions (Figure 3.15) and the longrange
transported biomass components from the residue crop burning areas of India
(Figure 3.16) under the favorable wind conditions (Figure 2.9). The minimum
a and b, and maximum g are estimated during July (Figure 3.15) which reveals
the dominance of larger particle (sea salt), as the air is transported from the
Arabian sea to the observational location (Figure 2.9). As discussed, the max-
imum and minimum in SSA are found during July and November, and these
results confirm the variation in the type and size of the particles in the atmo-

sphere over Ahmedabad.

The Angstrom exponent (a), backscatter fraction (b), and asymmetry pa-
rameter (g) also show a strong seasonal variations over Ahmedabad (Table 3.2).
The highest « and b and lowest g are observed during postmonsoon (Table
3.2) suggest the dominance of smaller size aerosols from the anthropogenic
emissions, whereas, the lowest a and b and highest g are found in monsoon
(Table 3.2) reveal the dominance of larger particles reaching the observational
site from the Arabian Sea (Figure 2.9). The aerosol backscatter fraction val-

ues found over Ahmedabad are less than the near surface mean b values re-
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Figure 3.15: Monthly mean (a) Angstrom exponent, (b) backscatter fraction,
and (c) asymmetry parameter at 0.55 pm over Ahmedabad during 2015-2016 as
function of season (winter, premonsoon, monsoon, and postmonsoon). Vertical
bars indicate + 1o variation with respect to mean.

ported over Bhubaneshwar (0.14), Chennai (0.15), Trivandrum (0.18), and Goa
(0.21) during premonsoon (Ramachandran and Rajesh, 2008). The observed
monthly mean variation in gis opposite to that of b (Figures 3.15b and 3.15c).
Lower g values suggest that smaller size aerosols dominate the size distribu-
tion corroborating the higher « and b value obtained. As the particle size in-
creases gwill increase and « and b will decrease leading to an anti-correlation
between a and g and b and g (Figure 3.15). The parameters «, b, and gshow <
10% difference between 2015 and 2016 (Figure 3.15) which is within the mea-

surement uncertainties (15%). Hence, «, b, and gdo not exhibit any significant
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inter-annual variability over Ahmedabad.
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Figure 3.16: Spatial distribution of MODIS cloud corrected fire counts over India
during winter (Dec (a), Jan (b), and Feb (c)), premonsoon (Mar (d), Apr (e), and
May (f)), monsoon (Jun (g), Jul (h), Aug (i), and Sep (j)), and postmonsoon (Oct
(k), and Nov (1)) averaged for the years 2015 and 2016.
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Table 3.2: Seasonal variations of aerosol scattering (Bs.a, Mm™") and absorp-
tion (Baps, Mm~") coefficients, surface single scattering albedo (SSA), Angstrém
exponent (o), backscatter fraction (b), asymmetry parameter (g), aerosol optical
depth (AOD), and columnar single scattering albedo (SSA (OMI)).

Parameters Winter Premonsoon Monsoon Postmonsoon
Bsca 366.5+£107.9 15344+£60.5 999+11.5 319541225
Babs 96.1 +42.9 38.9+19.8 21.0 + 8.8 101.5 +£45.8
SSA 0.80 £ 0.04 0.80+0.03 0.83 £0.03 0.77 £+ 0.02
« 1.58 & 0.06 1.254+0.13 1.16 £0.26 1.71 4+ 0.06
b 0.13 +£0.01 0.12+0.01 0.11 £0.01 0.14 +0.01
g 0.58 £+ 0.02 0.61 =0.02 0.63 £0.02 0.56 = 0.01
AOD 0.37 £ 0.10 0.39 +0.09 - 0.47 +0.03
SSAOMTI) 0.91 £+ 0.01 0.92 4+ 0.02 - 0.91 +£0.01
3.1.4 Aerosol optical depth
- Winter Premonsoon . Monsoon . Postmonsoon
g : 1 1 1 1 :

Feb E Mar  Apr May :Jun  Jul
Month

Figure 3.17: Mean (of MODIS Terra and Aqua) AODs at 0.55 um over Ahmed-
abad as function of season (winter, premonsoon, monsoon, and postmonsoon,).
Vertical bars denote + 1o deviation from the monthly mean.

Dec Jan

Aug Sep: Oct Nov

AODis found to be in the 0.2-0.7 range at 0.55 ym during the study period.
AOD decreases from January to March, and is maximum during April (Figure
3.17). AOD decreases during October to December and is minimum during
December (Figure 3.17). The highest AOD is found during postmonsoon fol-
lowed by premonsoon and winter (Table 3.2). The annual mean AOD over
Ahmedabad is 0.41 + 0.09. In comparison, the annual mean AOD over Kanpur
(an urban location) and Gandhi College (a rural location) in the densely pop-
ulated Indo Gangetic Plains were higher with values of 0.62 + 0.11 and 0.66 +
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0.07 respectively (Ramachandran and Kedia, 2012).

3.2 Optical and physical characteristics of aerosols
over a high altitude remote location: Gurushikhar,
Mt. Abu

The aerosol scattering (5,.,) and absorption (5,,,) coefficients of aerosols were
measured simultaneously over a high altitude remote location, Gurushikhar,
Mt. Abu using nephelometer (TSI 3563) and aethalometer (AE33) respectively
during 2015-2016. Total of 523 and 536 days of 5., and f,,; measurements at
a temporal resolution of 5 min over Gurushikhar, Mt. Abu during 2015-2016

were utilised in the present work (Table 3.3).

Table 3.3: Number of days of aerosol scattering (Bs..) and absorption (5.s) co-
efficients measurements over Gurushikhar during 2015-2016. Total number of
days of Bs.. and B.,s measurements are 523 and 536 days over Gurushikhar. The
data gaps are due to raw power failure, UPS failure, and maintenance of the
instruments.

Gurushikhar

Month  B..o  Babs
Jan 45 46
Feb 57 56
Mar 55 55
Apr 48 40
May 51 45
Jun 38 04
Jul 47 44
Aug 26 46
Sep 00 53
Oct 49 49
Nov 48 48
Dec 59 50
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3.2.1 Aerosol scattering and absorption coefficients

Temporal variations

The aerosol optical properties (scattering (fs.,) and absorption (5.s) coeffi-
cients at 0.55 xm) exhibit an atypical diurnal variability (Figures 3.18 and 3.19)
different than the diurnal variability observed over Ahmedabad (Figures 3.1
and 3.2). f,., and B, over Gurushikhar show a late afternoon maxima and a
midnight minimum. This odd diurnal feature in aerosol characteristics arises
due to the evolution of the atmospheric boundary layer which transports the
pollutants from the foothills to the observational location during the afternoon
hour (Figure 3.3). During daytime, after the sunrise, the land gets heated up
which results in the convective motion of the air parcel (Kovalev et al., 2004),
which increases the vertical mixing of air and results in the higher values of 3.,
and [, at the study location. The observations reveal that vertical transport
of pollutants from the valley regions by the evolving atmospheric boundary
layer modulates the aerosol concentration at the observational peak. Hence,
the observed j;., and f,,; during the afternoon hours are higher than forenoon
(Figures 3.18 and 3.19). f,., and (.,s show similar variations over the measure-
ment location (Figures 3.18 and 3.19), however, 3, is higher than f,,; by a
factor of 6 throughout the year. The maximum amplitude of diurnal variation
in fs, and S, are ~ 54 and 10 respectively during January. The minimum
amplitude of diurnal variation in S, and 3, are ~ 6 and 2 during March re-
spectively (Figures 3.17 and 3.18) when the observational site is least affected

by the evolution of the atmospheric boundary layer.

The parameters (.., and [, show a right-skewed distribution (Figures
3.20 and 3.21). The observed mode in §,. is between 40-60 Mm~' during
February - April, which shifts to higher modes during May - June, and Octo-
ber - November. During December and January the modes in g, is observed
between 5-15 Mm~! (Figure 3.20). The mode in 3., is found between 10-12
Mm~! during February - October, except during July and August when the
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Figure 3.18: Diurnal evolution of aerosol scattering coefficient (Bs.o, Mm™') over
Gurushikhar during winter (Dec (a), Jan (b), and Feb (c)), premonsoon (Mar
(d), Apr (e), and May (f)), monsoon (Jun (g), Jul (h), Aug (i), and Sep (j)), and
postmonsoon (Oct (k), and Nov (1)) at 0.55 um for 2015 and 2016. Vertical bars
represent + 1o deviation from the mean.

74



Chapter 3. Optical and physical characteristics of aerosols over urban and high
altitude remote locations

40

30

20

10

40

10

40

20

Aerosol absorption coefficient (Mm'1)

10

40

30

20

30

20 F

30 [

Winter

- (a) December

t (b) January

5,

t (c) February

12 16 20 24

0 4 8 12 16 20 24
Premonsoon

12 16 20 2

:(d) March

sy

:(e) April

: [

0 4 8 12 16 20 24

0 4 8 12 16 20 24

0O 4 8 12 16 20 2

Monsoon

[(9) June

L(h) July

(i) August

[(j) September

0 4 8 12 16 20 24

Postmonsoon

4 8 12 16 20 24

[ (k) October

0 4 8 12 16 20 24

() November

{

0 4 8 12 16 20 24

Time (Hrs)

4

8 12 16 20 240

4 12 16 20 24

Figure 3.19: Diurnal evolution of aerosol absorption coefficient (8.5, Mm™")
over Gurushikhar during winter (Dec (a), Jan (b), and Feb (c)), premonsoon
(Mar (d), Apr (e), and May (f)), monsoon (Jun (g), Jul (h), Aug (i), and Sep (j)),
and postmonsoon (Oct (k), and Nov (1)) at 0.55 um for 2015 and 2016. Vertical
bars represent + 1o deviation from the mean.
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Figure 3.20: Frequency distribution of nephelometer measured hourly aerosol
scattering coefficient (3,.., Mm~") over Gurushikhar during winter (Dec (a), Jan
(b), and Feb (c)), premonsoon (Mar (d), Apr (e), and May (f)), monsoon (Jun (g),
Jul (h), Aug (i), and Sep (j)), and postmonsoon (Oct (k), and Nov (1)) for 2015
and 2016. Vertical bars represent + 1o deviation from the mean.
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Figure 3.21: Frequency distribution of aethalometer measured hourly aerosol
absorption coefficient (Bus, Mm™") over Gurushikhar during winter (Dec (a),
Jan (b), and Feb (c)), premonsoon (Mar (d), Apr (e), and May (f)), monsoon (Jun
(8), Jul (h), Aug (i), and Sep (j)), and postmonsoon (Oct (k), and Nov (1)) for 2015
and 2016. Vertical bars represent + 1o deviation from the mean.
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Figure 3.22: Diurnal evolution of backscattering coefficient (Bysca, Mm™1) over
Gurushikhar during winter (Dec (a), Jan (b), and Feb (c)), premonsoon (Mar
(d), Apr (e), and May (f)), monsoon (Jun (g), Jul (h), Aug (i), and Sep (j)), and
postmonsoon (Oct (k), and Nov (1)) at 0.55 um for 2015 and 2016. Vertical bars
represent + 1o deviation from the mean.
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modes are < 5 Mm~! (Figure 3.21). The mode shifts to higher modes during
November. During December and January the modes in (., are < 5 Mm™!
(Figure 3.21). Backscattering coefficient (5,s.,) at 0.55 pym shows similar vari-
ations as ., over Gurushikhar (Figure 3.22). (., is found to be lower by a
factor of 10 than g,.,.

Monthly and Seasonal variations
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Figure 3.23: Box and whisker plots of aerosol scattering coefficient (Bs.q, Mm™")
measured using nephelometer over Gurushikhar during 2015-2016 as function
of season (winter, premonsoon, monsoon, and postmonsoon). The range of the
box represent the limits of the 25" and 75" percentile data. The whiskers spread-
ing from the box illustrate the limits of the 10" and the 90" percentile data.
Yellow lines show the average of the data. The maximum and minimum and
maximum in each box are represented by dots.

The aerosol scattering (f,.,) and absorption (5,,,) coefficients (0.55 ym ) over
a high altitude remote location, Gurushikhar do not exhibit any systematic
monthly variations as compared to an urban location, Ahmedabad (Figures
3.23 and 3.24). The parameters f,., and f3,,s decrease from January to April and
then peak during May and June, which again decrease afterward till August
and then increase from October to November before becoming low in Decem-
ber (Figures 3.23 and 3.24). The maximum f,., and f3,,s are observed during

November as in addition to the anthropogenic emission from the nearby re-
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Figure 3.24: Box and whisker plots of aerosol absorption coefficient (B, Mm™")
measured using aethalometer over Gurushikhar during 2015-2016 as function
of season (winter, premonsoon, monsoon, and postmonsoon). The range of the
box represent the limits of the 25" and 75" percentile data. The whiskers spread-
ing from the box illustrate the limits of the 10" and the 90" percentile data.
Yellow lines show the average of the data. The maximum and minimum and
maximum in each box are represented by dots.

gion, it is strongly influenced by the longrange transport (77%) from the north-
ern part of India (Figure 2.10). The minimum f,., and ., are observed during
August as a result of wet removal. The parameters (,., and [, exhibit a sig-
nificant seasonal variation over Gurushikhar, where g,., and j,,s are highest
during postmonsoon followed by winter (Table 3.4), as the location is affected
by convection from the foothills and significantly influenced by the advection
process through the longrange transport mechanism (Figure 2.10). In addi-
tion, during postmonsoon and winter there is an increase in biomass burning,
and tourist activities in the region. fg,., and 5,,s; decrease during premonsoon
owing to the shift in the wind direction and source region. The minimum S,
and [, are observed during monsoon due to the wet remova<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>