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Preface 

Atmospheric aerosols, the tiny solid or liquid particles of 1nm to 100µm in size, 

suspended in air, play key roles in weather, climate, hydrological cycle, atmospheric 

chemistry, the living environment and public health.  By scattering and absorbing the 

incoming solar radiation as well as the outgoing terrestrial radiation, the aerosols alter 

the radiation balance of the earth-atmosphere system and hence influence the climate.  

Acting as cloud condensation nuclei, they control the cloud formation processes, cloud 

microphysical properties and precipitation patterns. Based on their concentration levels 

and chemical composition, aerosols cause adverse effects on the environment affecting 

plants, animals, human beings and materials. For the quantitative assessment of the 

radiative and environmental impacts of aerosols, comprehensive information on their 

physical and chemical characteristics is essential.  Produced by a large variety of 

natural and anthropogenic sources spread all over the globe and in the atmosphere, their 

physical and chemical properties exhibit large spatio-temporal heterogeneity. This 

demands region specific and concurrent measurements of physical and chemical 

characteristics which is highly limited, particularly over Asian region. In fact the largest 

uncertainty in assessing the anthropogenic radiative forcing in the earth-atmosphere 

system arises due to lack of aerosol data on regional scales (IPCC 2013). In this thesis, 

it is attempted to make simultaneous and collocated measurements of aerosol physical 

characteristics like aerosol number density, size distribution, mass loading and 

chemical composition at the tropical coastal site Thiruvananthapuram and the oceanic 

environments of Arabian Sea (AS) and Bay of Bengal (BoB) to understand their 

seasonal features, source characteristics, role of meteorology and radiative properties.  

Based on this in situ measured data, the radiative characteristics such as scattering 

coefficient, absorption coefficient, extinction coefficient, single scattering albedo and 

phase functions were estimated for the first time for the study regions.  A detailed 

analysis of the association between the in situ measured near-surface aerosol 

characteristics and satellite measured columnar properties and their seasonal changes 

over the chemically and dynamically active oceanic environment of BoB was also 

carried out. 

The thesis is organized in seven chapters. Chapter 1 gives an overview of 

atmospheric aerosols with emphasis on their sources and production mechanisms, 

sinks/removal processes along with their physical and chemical characteristics and 

radiative impacts. A brief review of the various experimental techniques employed for 
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aerosol characterization also is included in this chapter. This chapter also contains an 

overview of the studies carried out on the physical, chemical and radiative properties by 

various investigators all over the globe and in the Indian context. In Chapter 2 is given 

a detailed description of the various instruments and analytical techniques used for the 

present study. This chapter also gives details of supporting data used in this work. 

Chapter 3 gives the results of a detailed study on the total aerosol number 

density, size distribution, mass loading of aerosols at Thiruvananthapuram (8.5ºN, 

77ºE) giving diurnal changes, seasonal patterns and their association with mesoscale 

and synoptic scale meteorology. An account of the corresponding changes in chemical 

composition of aerosols are also provided. Certain interesting inferences made out of 

the simultaneous measurement of size resolved number density and the mass 

concentrations of various chemical species, are also presented.  Employing the 

technique of Principal Component Analysis, the seasonally active sources of aerosols 

were identified and discussed. Based on the measured chemical compositions, chemical 

models were evolved. Giving these models as the realistic inputs for the Optical 

Properties of Aerosols and Clouds (OPAC) model, the radiative characteristics of the 

aerosol system over this tropical coastal site has been computed on seasonal basis for 

the first time. This chapter ends with an account of the decadal changes in the aerosol 

number density, size distribution, mass loading and chemical composition from 2003 to 

2013.  

Chapter 4 deals with the spatial variation of the physical characteristics like 

total aerosol number density, size distribution and mass loading of aerosols along with 

their chemical composition over the marine environments of BoB and AS during pre-

monsoon months as observed during the ship-based Integrated Campaign for Aerosols 

gases & Radiation Budget (ICARB) conducted under ISRO-GBP during March-May 

2006. All the analysis carried out for the coastal site TVM were repeated for these 

oceanic regions and quantitative results on the spatial patterns of size-dependent aerosol 

number density are presented. The regional differences in number size distribution, size 

dependence of aerosol chemical species and wind dependence of aerosol number 

density are also discussed. The contributions of natural and anthropogenic components 

in aerosols were delineated. The region specific chemical models and the corresponding 

radiative properties over AS and BoB are also presented along with a comparison 

between the two.  

Chapter 5 focuses on the winter time physical, chemical and radiative 

characteristics of aerosols over BoB including south-east BoB for the first time as 
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measured on board ship during the ICARB conducted in the winter period, December 

2008 to January 2009. The spatial variation of total aerosol mass loading and mass 

concentration of various chemical species in aerosols were addressed with a view to 

identify the major sources over this oceanic environment, the transport pathways 

leading to the observed spatial distribution and to delineate the natural and 

anthropogenic contributions. A case study of wind induced production of marine 

aerosols and rain deposition of various species during a rain event occurred during the 

cruise is also addressed here. Based on the measurements, the region-specific chemical 

models for the BoB region for this particular season were evolved and the radiative 

properties estimated for the winter season. 

In Chapter 6 is presented the results of a comprehensive study on the spatial and 

seasonal changes in the in-situ measured near-surface physical and chemical 

characteristics of aerosols over the marine environment of BoB and the satellite-

measured columnar properties. The e-1 scale distance for aerosols intruding into the 

marine region in terms of total mass loading as well as mass concentration of various 

chemical species are also estimated and presented. Most importantly, apart from the 

spatial and seasonal behavior of near-surface aerosol characteristics and the columnar 

properties of aerosols, their mutual dependence were also investigated and results 

presented.  

 Chapter 7 presents a brief summary of the work presented in the previous 

chapters highlighting the major results. In this chapter is also outlined the future scope 

of the present study and its applications.   
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Chapter 1 

Atmospheric Aerosols: An Overview 

 

1.1 Introduction 

In atmospheric science, the term aerosol refers to the solid, liquid or mixed 

phase (e.g. solid core with liquid shell) particles, suspended in the atmosphere, with 

sizes ranging from 0.001µm to ~100µm. Atmospheric aerosols are produced by a 

variety of natural and anthropogenic sources and comprise of sea salt, soil dust, 

volcanic emissions, meteoric dust, fly ash, fog, smog, haze, smoke, biogenic particles, 

bacteria, virus, etc. In the atmosphere, aerosols exhibit large heterogeneity in size, 

shape, chemical composition, production mechanisms, removal processes and their 

residence time. The annual mean global production of aerosols is estimated to be ~2600 

to 12000Tg yr-1 [IPCC, 2013]. The contribution of aerosols to atmospheric mass is only 

few parts per billion and forming a minor constituent in the atmosphere, but playing 

crucial roles in the earth-atmosphere system. 

By scattering and/or absorbing the incoming solar radiation and the outgoing 

terrestrial radiation, aerosols alter the radiation budget of the earth-atmosphere system 

and thus affect the climate [Haywood and Boucher, 2000; IPCC, 2013]. Aerosols also 

act as cloud condensation nuclei (CCN) facilitating cloud formation, influence the 

cloud distribution and their microphysical properties [Twomey, 1977; Wilson et al., 

2015]. Moreover, scattering of radiation by aerosols cause reduction in visibility, 

leading to severe traffic problems, particularly during winter. 

The aerosol particles are small masses with large surface area upon which many 

chemical reactions can take place. The role of aerosols in the formation of Arctic haze, 

Polar Stratospheric Clouds   (PSCs) in the Antarctic and their role in the depletion of 

stratospheric ozone are well established [Cariolle et al., 1989; Achtert et al., 2012]. 

Depending on the ability of the aerosol to penetrate the respiratory system and the 

chemical composition, it often becomes hazardous to human health. Acid rain is 

another environmental problem resulting from heavy atmospheric loading of acidic 

species and causing damage to plants and materials. Aerosols also affect the electrical 

conductivity of the atmosphere by altering the mobility of ions [Wallace and Hobbs, 

1977]. All the above discussed effects of aerosols depend on their physical as well as 

chemical properties and the prevailing meteorological conditions.  
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1.2 Aerosol production mechanisms 

Aerosols are formed in the atmosphere by two basic mechanisms namely (1) 

Bulk-to-particle conversion or mechanical disintegration process and (2) Gas-to-

particle conversion. Based on these formation mechanisms, aerosols are classified as 

primary aerosols and secondary aerosols. 

 

1.2.1 Bulk-to-particle conversion  

In Bulk-to-Particle Conversion (BPC) mechanism, aerosol particles are 

produced from the bulk of materials like soil, rock, water or vegetation and includes 

processes such as weathering, soil re-suspension, sea spray, volcanic eruption, 

biological litter, etc. [Hidy, 1984]. The exposed materials are chemically or 

mechanically disintegrated by the action of wind, water or temperature variations. It is 

well established that the mechanism by which soil dust or crustal material becomes 

airborne is mainly due to the action of wind [Gillette et al; 1978; Pruppacher and Klett, 

1997; Kok et al., 2011]. Another type of mechanical disintegration is the formation of 

sea salt aerosols from the sea water due to the action of wind on the sea surface. Large 

quantities of organic materials such as pollen grains, seeds, waxes, spores and leaf 

fragments released by the plants are also considered to be formed by this mechanism. A 

significant part of the volcanic aerosols is also the result of mechanical disintegration. 

Most of these aerosols are emitted directly into the atmosphere and hence called 

primary aerosols. 

 

1.2.2 Gas-to-particle conversion 

Gas-to-Particle Conversion (GPC) includes production of particulate 

matter/aerosols from the gaseous precursors produced mainly as a result of industrial 

activities, vehicular emissions, biomass burning, plant emissions etc. [Weber, 1998; 

Kerminen, 2008]. In this process, the phase change occurs either by direct nucleation 

and condensation of vapour or through chemical reactions between various gaseous 

substances.  

The nucleation processes are basically of three types: (a) homogenous homo-

molecular nucleation (b) homogenous hetero-molecular reaction and (c) heterogeneous 

hetero-molecular reaction [Prospero et al., 1983; Seinfeld and Pandis, 2006]. The 

former mechanism involves the formation of new, liquid or solid ultra-fine particles 

from a gas phase consisting of a single gas species only. The second process involves  
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the formation of new particles from gas phase consisting of two or more 

gaseous species. In the third process, growth of pre-existing particles takes place due to 

condensation of gaseous species on them. A very high super saturation ratio is required 

for homogenous nucleation whereas relatively low super saturation is sufficient for 

heterogeneous nucleation. Laboratory estimates [Whitby, 1978; Hegg et al., 1991] show 

that >80% of the particle mass production is through condensation on existing particles. 

Formation of sulphates from SO2, nitrate from NO2 and aldehydes, carboxylic acids, 

dicarboxylic acids, etc. from non-methane hydrocarbons are examples of GPC. 

Aerosols formed from the condensation of atmospheric gas-phase species are 

designated as secondary aerosols.  

 

1.3 Physical characteristics of aerosols 

The radiative, environmental and biological effects of atmospheric aerosols 

strongly depend on their physical properties such as size, shape, number density and 

mass concentration [Seinfeld and Pandis, 2006]. Aerosols exhibit large variety of sizes 

covering several orders in magnitude and arbitrary shapes. 

 

1.3.1 Shape 

In a strict sense, aerosols are complex 3-dimensional objects with arbitrary 

shape and they cannot be fully described by a single dimension such as a radius or 

diameter. In terms of the shapes, aerosols are broadly classified as [Reist,1993; Hinds, 

1999] (a) Isometric particles having all three dimensions equal, like spheres (b) fibres 

with large length in one dimension and much smaller dimensions in the other two like 

threads or mineral fibres (c) Platelets having two long dimensions compared to the third 

dimension, like leaf fragments. 

In general, the particles in liquid phase and those formed through GPC are 

spherical in shape, but those formed by mechanical disintegration processes deviate 

from spherical shape. In order to simplify the measurement process, it is often 

convenient to define the particle size using the concept of equivalent spheres. In this 

case, the particle size is defined by the diameter of an equivalent sphere having the 

same property as the actual particle, such as volume, mass, settling velocity, electrical 

mobility etc. [Harrison and Van Grieken, 1998]. Two commonly used parameters in 

this context are the aerodynamic diameter and the Stoke’s diameter. 

Aerodynamic diameter (dae) of a particle is defined as the diameter of a sphere 

of unit density having the same settling velocity as that of the particle. This suggests 
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that the particles of any shape or density will have same aerodynamic diameter if their 

settling velocity is same. It is related to the true (geometrical) diameter (d) of the 

particle through the relation [Mark, 1998] 
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where dv is the diameter of a sphere that has the same volume as that of the non-

spherical particle in question, Cn is the Cunningham slip correction factor for the 

particle, Rep the particle Reynolds number and  the dynamic shape factor. The terms 

marked with * refer to the spherical water droplet. Stokes diameter is the diameter of a 

sphere of the same density as the particle in question having the same settling velocity 

as the particle. The shape critically controls the optical properties of the particle. Non-

spherical particles have increased lateral scattering than spherical ones. In almost all 

theoretical estimation of aerosol effects, they are treated as homogeneous spheres. This 

assumption simplifies the mathematical treatment of atmospheric effects of aerosols, at 

the same time providing adequate description of the effects reasonably. 

 

1.3.2 Size  

Being originated from various sources and through different formation 

mechanisms, aerosol sizes vary six orders in magnitude from 10-3µm to 102µm [Junge, 

1983; Prospero et al., 1983]. Particles greater than 100µm do not remain suspended in 

the air for long time due to gravitational settling. Aerosol system with all particles 

having the same size is called monodisperse. Aerosol system in which particles of 

different sizes co-exist is called poly disperse. Atmospheric aerosols are poly disperse 

in nature. 

 

1.3.2.1 Aerosol size distribution  

The size distribution of aerosols is a key parameter in the study of aerosol 

effects on atmospheric processes as well as their adverse impact on environment and 

human health [d’Almeida et al., 1991; Pope et al., 2011]. The aerosol size distribution 

is generally expressed in terms of number density versus size spectrum. The number 
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distribution n(r), expressed as the number of particles of dN(r) per unit interval of 

radius and per unit volume, is defined as 

    n(r) = dN(r)/dr     1.3a 

where dN(r) is the number density of the particles in the radius range dr centred 

around r. Since the size of aerosols vary over several orders of magnitude, the particle 

radius is usually expressed in logarithmic scale. The aerosol size distribution in the 

logarithmic scale is expressed as 

    n*(r) = dN/d(lnr)    1.3b 

where n*(r) represents the number of particles per unit logarithmic radius 

interval d(lnr) centred on r. The aerosol size distribution is also defined in terms of 

surface area, mass and volume distribution. The surface area, volume and mass size 

distributions are expressed as [Jaenicke, 1984;Curtius, 2006] 

S(r ) =4 r2 n(r )dr     1.4  

  V(r ) =(4/3) r3 n(r ) dr     1.5 

M(r ) =ρV (r )     1.6 

where S(r) is the surface concentration (cm2 cm-3), V (r) is the volume 

concentration (cm3 cm-3) and M(r) is the mass concentration (g cm-3) and ρ is the bulk 

density of the particles (g cm-3). Aerosols number size distributions can be 

mathematically expressed using different analytical functions such as, inverse power 

law, modified gamma distribution, log-normal distribution, etc. 

 

1.3.2.1.1 Inverse power law distribution 

Junge in 1952 put forward a simple analytic function - the inverse power law- in 

logarithmic scales to illustrate the number size distribution also called Junge 

distribution expressed as, 

�(�) =
��

�(�� �)
= ���     1.7 

Where C is a constant,  is the power law index which indicates the dominance 

of larger aerosols over smaller ones with values of  ranging from 2 to 5 for ambient 

aerosols [Jaenicke, 1984; Pruppacher and Klett, 1997]. Power law size distribution 

suggests that the number of aerosols decreases monotonically with an increase in size.  
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1.3.2.1.2 Log normal distribution 

Most commonly used function to describe ambient aerosol distribution is the 

lognormal distribution function [Deepak and Box, 1982; d’Almeida et al., 1991] given 

by 
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where rm is the mode radius, σm is the standard deviation.  

When the size distribution is characterized by multiple modes, it can be 

represented as  

 �(�) = ∑
�

√������
exp (�−

(��   ���� ���)�

����
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���     1.9 

 

Where rmi is the mode radius, mi is the standard deviation, for the ith mode. 

Different modes represent the contributions from different aerosol sources.  

 

1.3.2.1.3 Modified gamma distribution 

Another distribution which is widely accepted to describe haze and cloud 

particles is the modified Gamma distribution function by Deirmendjian, [1969] is given 

by, 

�(�) = ����exp (−����)     1.10 

where A, B, k
1 

and k
2 

are positive constants. A is the number concentration of 

particles, B and k1 represents the fitting parameters. k2 is an additional parameter 

determining the shape of the distribution.  

Considering the production and removal processes and also the various effects 

produced by the aerosols in different sizes, they are also divided into three categories as 

[Whitby, 1978], 

1. Nucleation mode (Aitken particles) with particle radius r ≤ 0.1µm 

2. Accumulation mode (Large particle) with 0.1 ≤ r ≤ 1µm 

3. Coarse mode (Giant particles) with r > 1µm  

In general, particles in the nucleation mode (Aitken particles) are formed by 

GPC. The Aitken particles play important role in atmospheric electricity [Twomey, 

1977; Elias et al., 2009]. Particles in the size range 0.1 to 1µm are considered to be in 

accumulation mode (large particles) which is considered as the most stable size range 

of atmospheric aerosols. Particles in the nucleation mode eventually get incorporated 
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into accumulation mode through coagulation or condensation processes. The most 

important removal mechanism for these particles is the wet removal. In the 

accumulation mode the particle sizes are comparable to the wavelength of visible light. 

Hence these particles are optically most effective. Particles in the coarse mode (giant 

particles) are larger than 1µm and generally smaller than 100µm. These particles are 

formed by the mechanical disintegration of bulk materials like action of wind on soil or 

sea water. Figure 1.1 illustrates the different modes (idealized) discussed above. 

 

 

Figure 1.1. Different modes of aerosols existing in atmosphere along with their 

respective deposition mechanisms. 

 

The respiratory system is the most frequently affected organ system by aerosols 

(also called Particulate Matter). Numerous epidemiological studies show that fine mode 

aerosols and traffic-related air pollution are correlated with severe health effects, 

including enhanced mortality, cardio-vascular, respiratory and allergic diseases 

[Dockery et al., 1993; Ramanathan and Feng, 2005; Anderson, 2009]. In this context, 

particle size is an important factor [Englert, 2004] and hence classified according to the 

efficiency with which they enter the body through the respiratory system. Particulate 

Matter (PM) with aerodynamic diameter upto 1µm, 2.5µm and10µm (referred as PM1, 

PM2.5, PM10) are of biological importance in this context [Hidy, 1984; Pope et al., 

2006, 2011]. The large-sized particles (aerodynamic dia>10µm) entering the nasal 

passages mostly impinge on the mucous membranes and are removed before reaching 

larynx and will not pause health hazards. The capture efficiency decreases with 

decreasing particles size. Particles between 2.5 and 1µm in aerodynamic diameter 

(PM2.5and PM1 respectively) are capable of getting deposited, in the upper respiratory 
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tract. Particles with aerodynamic dia 1µm are capable of reaching upto alveoli from 

where they enter the blood stream and hence are considered as most hazardous.  

 The aerosol number density and mass concentration exhibit large variation 

in different environments [Koepke et al., 1997]. In the lower troposphere, the total 

particle number concentration typically varies in the range of about 102–105cm–3, and 

typical mass concentration varies between 1 and 100μg m–3. Aerosol concentrations in 

the free troposphere are typically 1–2 orders of magnitude lower than in the 

atmospheric boundary layer. Clean continental air contains less than 3,000cm-3, 

polluted continental air typically 50,000cm-3, and Urban air typically contains 

160,000cm-3. Desert air has about 2,300cm-3. Clean marine air generally has about 

1,500cm-3. The lowest sea-level values occur over the oceans near the subtropical highs 

(600cm-3on average, but occasionally below 300cm-3). Arctic air has about 6600cm-3 

and on the Antarctic plateau only 43cm-3occur. 

 

1.3.3 Aerosol density 

It is the mass per unit volume of aerosol particles. It is a crucial factor in 

deciding the optical and radiative effects of aerosols. Density of droplets and particles 

formed from BPC is same as the parent material. Density of the basic materials of 

aerosols range from ~2.0g cm-3 for soot, 2.25g cm-3 for sea spray to >2.6g cm-3 for 

minerals [Hess et al., 1998; Hand and Kreidenweis, 2002; Seinfeld and Pandis, 2006]. 

 

1.4 Removal mechanisms/Sinks  

The particles that are placed continually in the atmosphere are removed from 

the atmosphere at about the same rate as they are produced (under equilibrium 

conditions), depending on their sizes by two main processes namely dry deposition and 

wet removal [Junge, 1963; Slinn and Slinn, 1980; Prospero et al., 1983; Jaenicke, 

1984]. In addition to this, due to the process of coagulation, particles in certain size 

range are continuously transformed to another size.  

 

1.4.1  Dry deposition 

Dry deposition is the group of deposition mechanisms that transport aerosol 

particles directly to the surface. In this process the removal of aerosol is caused by 

gravitational settling, turbulent diffusion and through impaction on vegetation, building 

and other objects. The main external force acting on the particle is gravity. The dry 
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deposition of particles takes place in three steps [Wu et al., 1992]. In the first step, 

particles are transported from the atmosphere down to the viscous sublayer that 

envelops all surfaces. In the second step, the particles are transported across the viscous 

sublayer by Brownian diffusion, phoretic effects, interception and inertial forces such 

as impaction and sedimentation. Finally, the particles interact with the surface: they 

may adhere or they may bounce off. The dry deposition process is dependent on the 

aerodynamic characteristics of the particles and the near surface boundary layer 

features [Stull et al., 1988].  

The deposition velocity (Vd) defined for aerosol particles as the deposition flux 

F divided by airborne concentration C0 

Vd= -F/C0       1.11  

The minus sign is required since the downward flux is negative, whereas the dry 

deposition velocity is defined as positive. This is expressed in units of cm s-1. 

The deposition velocity and diffusion coefficient are basic parameters which 

determine the dry removal rate which is given by [Harrison and van Grieken, 1998], 

Vd=mgB=(4/3)π r3ρg      1.12 

m is the particle mass, g is the acceleration due to gravity and B is the particle 

mobility (B=D/kT, D is the diffusion coefficient and k the Boltzmann constant). Thus 

larger and heavier particles have higher fall velocity compared to the finer ones. The 

dry deposition process also depends on atmospheric conditions and surface 

characteristics. 

 

1.4.2 Wet removal 

Wet removal of aerosol particle involves two processes [Seinfeld and Pandis, 

2006] (i) below-cloud scavenging (wash out) and (ii) in-cloud scavenging (nucleation 

scavenging or rain out). The capture of aerosol by the falling hydrometeors (rain, snow, 

cloud and fog drops) is called below cloud scavenging. In-cloud processes consist of 

activation of aerosols as cloud condensation nuclei (CCN), 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 hydrometeors. Wet removal is one of the 

most important removal mechanisms of aerosols in the size range of 0.05 to 3µm 

[Jaenicke, 1984]. These processes are important in lower troposphere where cloud 

formation take place. The aerosol mass removed by wash out is significantly lower in 

magnitude than that by nucleation scavenging [Flossman et al., 1985; Flossman and 
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Pruppacher,1988]. Wet removal is 30 times more efficient than dry deposition in 

removing aerosol mass from the atmosphere Jaencike, [1984].  

 

1.4.3 Coagulation 

Coagulation is the process by which aerosol particles undergoing random 

motion collide and coalesce to form larger particles. Thus coagulation leads to a 

transformation of particles from small sizes to larger ones. Any mechanism which 

induces a relative velocity between particles causes coagulation. Such processes 

include Brownian motion, shearing flow of fluid, turbulent motions and differential 

particle motion associated with external force fields. Particles undergoing Brownian 

motion have a finite probability of colliding and sticking together. This sticking 

probability is a function of their shape, surface condition, relative humidity of air, 

presence of foreign vapours in air and several other factors. This process is primarily 

important for particles in the size range 0.1 to 1µm [Junge, 1963; Seinfeld and Pandis, 

2006]. Coagulation is more effective for large population of small particles rather than 

small population of large particles. 

 

1.5 Aerosol residence time 

Residence time of aerosols indicates the time for which the aerosol particle is 

suspended as entity. It also accounts for the measure of the time the particle spends 

chemically in the atmosphere, and the measure of the spatial and temporal variation of 

that species. It is also defined as the ratio of steady state mass of aerosol to the rate of 

mean input or output or as the ratio of the number of particles present to the rate of 

production/loss at a given time under steady state. The production mechanism as well 

as the removal mechanism control the residence time of aerosols in the atmosphere 

[Jaenicke, 1984]. The mathematical formulation for residence time for a first order 

removal process is, 

    τR=M/S     1.13 

where τ is the residence time, M is vertically-integrated aerosol concentration 

(also called the aerosol burden or column), S is the source flux and R is the removal or 

sink flux. If the source and sink terms are averaged over a long period, they should be 

balanced. Hence the residence time can be computed using S or R. But as the aerosol 

particle is moved to another size bin by transformation processes like coagulation, 

condensation or evaporation, its influence on atmospheric processes changes. 
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[Jaenicke, 1984] developed, an empirical size-dependent model from a combination of 

individual estimates.  
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Where Cc and Cd are constants associated with coagulation and sedimentation 

having a value of 1.28 ×108s, D is the particle diameter, Dmax= 0.6μm is the diameter 

of particle with maximum residence time and τwet is the residence time for wet removal 

of particles, which depends mainly on the altitude. 

 

Figure 1.2.Schematic illustrating the size dependent residence time of aerosols as a 

function of altitude [Jaenicke,1984]. 

 

Figure 1.2 shows a schematic illustrating the size dependent residence time of 

aerosols as a function of altitude in the atmosphere. In the troposphere, the smallest and 

largest aerosols have residence times of hours to days, while the bulk of the aerosols in 

the intermediate size range have residence times of days to 1–2weeks. Shortest 

residence times are encountered in the planetary boundary layer and longest in 

stratosphere. The particles in the radius range 0.1-1.0μm remains airborne for longer 

time and have longer residence time. Based on the residence time, the possible 

horizontal displacement is estimated as ~ 8km for aerosols with radius ~ 0.001μm and 

~ 8000km for those in the radius in the range of 0.1-1.0μm [Jaenicke, 1984]. 

 

1.6 Aerosol sources 

Atmospheric aerosols originate from a wide variety of natural and 

anthropogenic sources. The natural sources include oceans, soil/earth’s crust, 
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volcanoes, forest fires, meteors, extra-terrestrial dust, vegetation and other biological 

species. Industrial activities, vehicular emissions, fossil fuel burning, agricultural 

activities and associated biomass burning constitute major anthropogenic sources.  

 

1.6.1 Natural sources 

1.6.1.1 Oceanic aerosols 

Oceans covering 70% of the earth’s surface form largest source of natural 

aerosols [Warneck, 1988] with the annual emission varying from 1400-6800Tg [IPCC, 

2013]. Oceanic aerosols are primarily composed of in-situ generated sea salt particles, 

produced by the action of wind on the sea surface [Exton et al., 1985], and non-sea salt 

particles, formed as a result of oceanic biogenic activities [Charlson et al., 1987; 

Savoie et al., 1989]. Sea-salt aerosols are produced through wind stress on the ocean 

surface resulting in the direct injection of sea-spray aerosols into the atmosphere 

through bursting bubbles and/or wind tearing off the wave crests [Lewis and Schwartz, 

2004]. Depending on their production mechanism, there are three sources for seaspray 

aerosols, namely film drops, jet drops, and spume drops [Blanchard, 1983; Monahan et 

al., 1982; Wu, 1993]. As wind blows over the ocean, waves break and entrain air into 

the water forming clouds of bubbles. Once formed these bubbles start rising to the 

surface due to their buoyancy and break up and form small droplets called film droplets 

which evaporate and particles are formed generally with diameters less than ~0.3µm 

[Wu, 1993; Andreae, 2002]. The bursting of an air bubble at the water surface also 

produces a jet of water that rises rapidly from the bottom of the collapsing bubble 

cavity, which break up into a number of jet drops [Andreae, 2002] which also 

evaporate forming sea-salt particles. At higher wind speeds, above 9ms-1, the tearing of 

wave crests results in the injection of ultra-large spume sea-salt particles [Monahan et 

al., 1982; Smith et al., 1989; Wu,1993] into the marine boundary layer. The sea salt 

production is strongly dependent on wind speed [Exton et al., 1985; O’Dowd and 

Smith, 1993]. Depending on the RH, the particles exist either as solution droplet or 

solid particles which constitute the sea salt aerosols.  

When formed the sea-salt aerosols have the composition of sea water (Figure 

1.3). But eventually they undergo several physical and chemical transformations. The 

major chemical compositions of sea salt aerosols are NaCl, KCl, CaSO4, (NH4)2SO4 

etc. [Lewis and Schwartz, 2004]. Sea salt aerosols can uptake water and grow in size 

also. 
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Figure 1.3.Chemical composition of sea water. 

 

 

1.6.1.2 Oceanic non-sea salt aerosols 

The dimethyl sulphide (DMS) produced by the marine phytoplankton forms a 

major precursor for the formation of non-sea salt aerosols in the marine environment 

[Charlson et al., 1987; Savoie et al., 2002; O’Dowd, 2011]. Solar induced heating of 

oceanic surface layers boost the phytoplankton activity and the DMS produced gets 

oxidized by radicals like OH, in presence of solar UV to form SO2 which in turn is 

transformed to sulphate aerosols and methane sulphonate [Charlson et al., 1987; Quinn 

and Bates, 2011]. The non-sea-salt sulphate particles thus formed in the marine 

boundary layer are hygroscopic (water active) in nature. Acting as CCN, these sulphate 

aerosols increase the earth’s albedo, thus induce dimming and as a result, less sunlight 

reaches the ocean surface and hence temperatures drops. As a result, the phytoplankton 

activity decreases, DMS production falls and clouds dissolve. Thus DMS, acts as a 

feedback mechanism that operates between ocean ecosystems and the Earth's climate 

that keeps ground-level temperature within a range suitable for life. This is called 

CLAW hypothesis in the name of Charlson, Lovelock, Andreae and Warren who 

formulated this [Charlson et al., 1987]. Oceans also directly inject significant amount 

of organic aerosols depending on biological activity in ocean waters and the global 

emission rate has been estimated to lie in the range 2 to 20Tg yr–1 [Gantt et al., 2011]. 

 

1.6.1.3 Windblown soil/mineral dust 

The soil particles are produced mainly by disintegration of aggregates of larger 

soil/rock particles due to weathering and mobilized by strong winds [Kok et al., 2011]. 

These particles consist of materials derived from the earth's crust, and are therefore rich 
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in oxides of iron, calcium, and aluminium and hence referred as mineral dust. Factors 

determining whether soil particles can be aerosolized includes wind velocity and 

surface conditions of the terrain [Gillette, 1978 Usher et al., 2003; Kurosaki and 

Mikami, 2007]. Major sources of mineral dusts are deserts, dry lakebeds, semi-arid 

desert fringes and drier regions where vegetation is less or tilled soil surfaces 

[Choobari et al., 2013]. Wind speeds exceeding 0.5ms-1 are capable of lifting soil 

particles as large as ~2m in size [Gillete, 1978; Kok et al., 2011]. About 75% of the 

global mineral dust emissions are found to be of natural origin, while 25% are related 

to anthropogenic (primarily agricultural) emissions Ginoux et al., [2012]. The northern 

hemisphere generates ~90% of global dust where it is deposited as well [Ginoux et 

al.,2012]. The long-range transport of mineral dust by convection currents and general 

circulation systems make these particles present at locations far from their sources 

[Choobari et al., 2013 and reference therein]. For example transport of mineral dust 

from Africa to South Indian Ocean, from West Asia (Arabian region, Afghanistan etc.) 

to Arabian Sea, from China across the Pacific, from Australia over to Indian Ocean, are 

identified [Prospero et al.,1983; Tyson et al.,1996; Satheesh and Srinivasan,2002; 

Mishra et al., 2013].  

The transports of mineral dust over to the pristine marine environments and the 

subsequent contamination have resulted in regional radiative forcing over these regions 

[Dey et al.,2004; Sicard et al., 2014]. It is estimated that on an average 1000-4000Tg of 

mineral aerosol are emitted into the atmosphere annually [IPCC, 2013]. Since these 

particles are generated at the earth’s surface and are mostly large-sized, they are mostly 

confined within the troposphere. 

In general, soil dust is rich in oxides of Fe, Ca, Al, silica and many other 

minerals depending on the region of their origin. Generally Fe and Al are considered as 

tracers for mineral dust and aerosols of crustal origin. On a global scale the major 

sources of mineral dust include Sahara Desert and Thar Desert which lie along the 

tropical belt. 

 

1.6.1.4 Volcanic aerosols 

Volcanic eruptions inject enormous quantities of gases and particulate 

matter/aerosols in the atmosphere. Contrary to the other aerosol sources, volcanic 

aerosols often reach up to stratospheric altitudes and are capable of producing long 

term climate impacts [Hoffmann, 1988; Sato et al., 1993]. Primary particles ejected 

from volcanic eruptions are mainly crustal materials and ash. In addition, huge amounts 
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of sulphur bearing gases like SO2, COS, H2S and F, Cl, water vapour get injected into 

the atmosphere upto stratospheric regions where they get converted to particles like 

H2SO4 droplets [Vernier et al., 2011]. The plume of the eruption of Pinatubo in 1991 

has reached 40km height. Particles and gases that enter the stratosphere remains there 

for a long time (several years) and hence have a strong impact on climate [Nagai, 

2010]. Eruption of Mt. Pinatubo in 1991 has produced an average global cooling of 

about 0.5K [Timmreck, 2012]. 

 

1.6.1.5 Bio aerosols 

Bio aerosols are of biological origin and include viable (living) and non-viable 

(dead) cells. Primary biogenic aerosol consists of plant debris (cuticular waxes, leaf 

fragments, etc.), humic matter, and microbial particles (bacteria, fungi, viruses, algae, 

pollen, spores, etc.). Vegetation also emit vapours of Volatile Organic Compounds 

(VOCs) which condense and form particles. These emissions include a wide range of 

hydrocarbons like terpenes, isoprenes, -pinene, -pinene, etc., which get oxidized to 

form organic aerosols [Prospero, 2002]. Plants, soil, water, and animals (including 

humans) all serve as sources of bio aerosols. Some bio aerosols, when breathed in, can 

cause serious health issues.  

1.6.1.6 Extra-terrestrial Dust 

The extra-terrestrial dust form one of the principal components in the natural 

background level of aerosols in upper atmosphere with an influx of 10Tg yr-1 

[d’Almeida, 1991]. These particles originate from the debris of meteor showers, comets 

and inter planetary medium that enter the atmosphere. Even though their contribution to 

the total aerosol mass in the atmosphere amounts to be only a few percent, it is 

significant at higher altitudes. Their presence is visualized as the zodiacal light caused 

by the scattering of sunlight at high altitudes. The residence time of these particles 

ranges from several months to years. These particles can also reach the troposphere 

through processes like sedimentation/gravity settling. Extra-terrestrial/interplanetary 

dust consists of solid particles ranging from ~0.01 to 100 m in diameter. Elemental 

composition analysis of extra-terrestrial or meteoritic dust showed the presence of Fe, 

Si, Mg, S, Ar, Ca, Ni, Al, Na, Cr, Mn, Cl, K, Ti and Co [Morlok et al., 2006].  

1.6.2 Anthropogenic aerosols 

Aerosols are emitted from a wide range of man-made sources, the most 

significant sources being vehicular traffic, fossil fuel combustion, industrial activities, 
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residential combustion, agricultural slash burning, human induced forest fires, public 

power generation, wind erosion of tilled land, use of fertilizers and pesticides and waste 

incineration [Wolf and Hidy, 1997;Wallace and Hobbs1977; Hidy, 1984]. After 

industrial revolution, a sudden increase is seen in the anthropogenic emissions [IPCC 

2007; 2013]. Generally, anthropogenic activities produce a wide variety of aerosol 

precursor gases like NOx, SO2, NH4, and VOC’s which get converted to aerosols. 

Hence most of the anthropogenic aerosols are produced through the GPC mechanism 

and particles formed are in fine mode (dia<1µm). Major anthropogenic contributions to 

aerosols include sulphates, organic species, black carbon, nitrates and trace 

metals/minerals, details of which are given in section 1.7. 

 

1.6.2.1 Biomass Burning 

Biomass refers to materials produced by living organisms like vegetation, dead 

wood, animal dung, peat, etc. Biomass burning includes (1) naturally occurring forest 

fires and lightning-induced fires that release particulate matter in the atmosphere and 

(2) burning of the world's living and dead vegetation including forests, savannas for 

land clearing, land use change, agricultural lands after harvesting, use of wood and 

dung for heating, cooking, production of charcoal etc. [Cachier et al., 1995; Liu et al., 

2000]. The emissions depend generally on the type of ecosystem, the moisture content 

of the vegetation, and the nature of the fire. About 49.1Tg of biomass burning aerosols 

are emitted globally [IPCC 2013; Grainer, 2011]. Biomass burning produces primary 

aerosols in the form of ash, charcoal and secondary aerosols consisting of soot, SO4, 

NO3 and organics [Schwartz et al.,1995; Tsigaridis et al., 2006; Liu and Wang, 2010]. 

Majority (>90%) of biomass burning is human initiated and it has increased 

significantly over the last 100 years. It is established that the periodically occurring 

Indonesian fires increase the aerosols levels several times [Ott et al., 2009]. 

 

1.6.2.2 Radioactive Aerosols  

Radioactive aerosol refers to a radioactive dispersed phase of particle in air with 

natural or artificial origin. Natural radioactive aerosols form as a result of the decay of 

radon isotopes emitted from the soil surface into the atmosphere, as well as during the 

interaction of particles of cosmic radiation with the atoms of elements in the air 

[Papastefanou, 2008]. The radioactive atoms thus formed precipitate onto particles of 

non-radioactive atmospheric dust. In addition, dust containing radioactive isotopes of 

potassium, uranium, and thorium is carried from the soil surface into the atmosphere by 
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winds. A small quantity of radioactive aerosols enters the atmosphere with cosmic dust 

and meteorites [Schery, 2001]. Artificial radioactive aerosols contain fission products 

and radioactive isotopes with induced radioactivity which are formed from nuclear 

explosions [Ogorodnikov, 2002], nuclear power plants, industrial or accidental 

radioactive emissions at atomic industry plants, in uranium mines and enrichment 

plants.  

Aerosol Type Emission flux (per year) 

Natural primary aerosols  

Desert dust 1000-4000Tg 

Sea spray 1400-6800Tg 

Biomass burning aerosols 20-35Tg 

Terrestrial primary biogenic aerosols Order of 1000Tg 

Including bacteria 40-1800Gg 

Including spores 30Tg 

Precursors of natural secondary aerosols  

Dimethylsulphide (DMS) 20-40Tg S 

Volcanic SO2 6-20Tg S 

Terpenes 40-400Tg 

Anthropogenic primary aerosols  

Industrial dust 40-130Tg 

Biomass burning aerosols 50-90Tg 

Black carbon (from fossil fuel) 6-10Tg 

Organic carbon (from fossil fuel) 20-30Tg 

Secondary Organic Aerosol 20-380Tg 

 

Table 1.1. The major aerosol sources and their emission fluxes (IPCC 2007;2013). 

 

Figure 1.4. Schematic of aerosols undergoing various physical and chemical 

interactions and transformations [Poschl,2005]. 

 

In the atmosphere, aerosols undergo various physical and chemical interactions 

and transformations like changes of particle size, structure, and composition called 
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atmospheric aging (Figure 1.4). On a global scale the natural aerosols accounts three to 

four times larger than anthropogenic ones, but regionally anthropogenic emissions are 

significant [Charlson et al., 1992; IPCC, 2013] and often exceeds that of natural ones. 

The major aerosol sources and their emission fluxes per year as from IPCC 2013 are 

given in Table 1.1. 

1.7 Chemical Composition of aerosols 

Chemical composition of aerosols system is the most crucial parameter in 

deciding the radiative, climatic and biological impacts of aerosols. Aerosols comprise 

of large number of inorganic and organic components. In general, the predominant 

chemical components in atmospheric aerosols are sulphates, nitrates, sea salts, mineral 

dust, ammonium compounds, organic species, black carbon or elemental carbon and 

other carbonaceous particles, each of which typically contribute about 10–30% of the 

overall mass load [Colbeck, 2008]. Brief accounts on the formation mechanism of 

major species are given below. 

1.7.1 Sulphates 

SO2 is the major source for sulphates produced by GPC which is formed in 

atmosphere naturally as well as anthropogenically. The major contributor to the 

sulphate burden is anthropogenic emissions. Sulphates are formed by the homogeneous 

gas phase oxidation of SO2 by OH radical through various reactions. Other sulphur 

bearing gases like H2S, CS2, Di-Methyl Sulphide (DMS) also gets converted to SO2 

which is further oxidized photochemically to sulphuric acid which in turn forms 

sulphates. The reaction sequence is as follows [Pitts and Pitts, 2000]: 

��� + �� + � → ���� + � 

���� + �� → ��� + ���    1.15 

��� + ��� → ����� 

Over continental regions where gaseous NH4
+ is present H2SO4 transforms to 

ammonium sulphate and ammonium bisulphate. Over marine environment the non-sea-

salt sulphates are formed through the oxidation of DMS [Charlson et al., 1987]. 

1.7.2 Nitrates 

Nitrate is the end product of wide variety of reactions in the atmosphere 

involving trace gases like NOx, N2O, N2O3, NH3, N2O4, etc. The most common 

particulate form of nitrate is ammonium nitrate (NH4NO3) [Andreae et al., 2000] and in 
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sea salt rich environment it exists as NaNO3.The most common precursor of nitrates are 

NOx (NO+NO2), produced anthropogenically from fossil fuel combustion or naturally 

by thermo-chemical production from lightning discharges and emissions from soil 

[Price et al., 1997]. About 50% of this NOx becomes oxidized to nitric acid by reacting 

with OH radical during day time or with water vapour during night time [d’Almeida, et 

al., 1991]. 

��� + �� → ����  (Day time) 

��� + �� → ��� + ��    1.16 

��� + ��� ↔ ����  (Night time) 

���� + ��� ↔ 2���� 

 

1.7.3 Carbonaceous aerosols 

Carbonaceous aerosols can be categorised as (1) Organic aerosols (2) Elemental 

carbon or Black carbon and (3) the inorganic carbonates. Traditionally the Total Carbon 

(TC) is defined as the sum of Organic Carbon (OC) and Elemental Carbon (EC). 

Carbonaceous aerosols account for 18 to 80% of atmospheric aerosols and exhibit a 

wide range of molecular structures, [Pitts and Pitts, 2000; Gelencser, 2004; Orellena et 

al., 2011].  

 The natural sources of OC include disintegration and dispersion of bulk 

plant/algal material while industry and vehicular emission constitute the anthropogenic 

source. The contribution of natural organic compounds varies from 20-90% depending 

on the source [Zhang et al., 2007]. Depending on their origin, OC components also 

classified as primary or secondary. Primary organic aerosol (POA) components are 

directly emitted in the condensed phase (liquid or solid particles) or as semi-volatile 

vapours, which are condensable under atmospheric conditions. The main sources of 

POA particles and components are natural and anthropogenic biomass burning, fossil-

fuel combustion and wind-driven or traffic-related suspension of soil and road dust, 

biological materials, sea spray, and spray from other surface waters with dissolved 

organic compounds [Kanakidou et al, 2005]. Primary production also includes 

biological microbes such as bacteria, viruses, and fungal spores mostly produced on 

surface of plants. Secondary organic aerosol (SOA) components are formed by 

chemical reaction and gas-to-particle conversion of volatile organic compounds 

(VOCs) in the atmosphere, which may proceed through different pathways [Poschl, 

2005; Kroll and Seinfeld, 2008]. Organic aerosols include both water-soluble organic 



Chapter 1 

 

20 
 

carbon (WSOC) and water-insoluble organic carbon WIOC. In the atmosphere WSOC 

amounts to 30-80 % of OC [Kondo et al., 2007]. 

 Elemental Carbon (EC)/Black carbon (BC) is the product of incomplete 

combustion of hydrocarbon or pyrolysis and have graphite-like structure [Chow et al., 

2004; Jacobsen et al, 2000; Poschl et al., 2005; Colbeck, 2008]. The absorbing nature 

of BC makes it a potential climate forcing agent, estimated to be the second largest 

contributor to global warming after carbon dioxide (CO2) on a global scale [Jacobson et 

al., 2000; Hansen et al., 2000]. OC/BC or OC/EC ratio is used to identify their sources. 

In fossil fuel combustion, the OC/BC ratio is closer to unity and for biomass burning, 

this ratio ranges from 3 to 9 [Turpin and Lim, 2001]. 

 

1.7.4 Trace Metals 

In polluted environments, considerable quantities of trace metals are observed. 

The major sources include combustion of fossil fuels, incineration of municipal and 

industrial hazardous wastes, smelters, refineries and other metallurgical industries. 

Quantitative estimates of trace element emissions like Cd, Cu, Pb, Mn, Hg, Ni, Ti, V, 

Zn, etc. from anthropogenic sources have been reported from various locations [e.g. 

Pacyna, et al., 2007; Witt et al., 2002]. Among the trace elements, Pb shows large 

spatial variability. It is formed mainly from leaded gasoline, manufacturing of 

ceramics, pigments, paints, glass, plastics, etc. and storage batteries and certain alloys 

like brass, solder, etc. Trace metals are formed from soil dust also. 

 As a result of coagulation between particles of different composition and due to the 

uptake of gases into pre-existing nuclei, particles of mixed composition are formed in 

the atmosphere. Depending on their mechanism of formation, aerosols can be grouped 

as externally mixed or internally mixed. While the “external mixture” refers to non-

homogeneity in the chemical composition of the particle, the “internal mixture” refers 

to a homogeneous mixture of different chemical species in the same particle.  

 

1.8 Refractive indices 

The refractive index of aerosols depends on their chemical composition. Refractive 

index of aerosols is generally expressed as a complex number and is wavelength 

dependent. For non-absorbing aerosol particles, the imaginary part is zero and 

refractive index is a real number. For absorbing aerosols, refractive index is represented 

by a complex number with significant imaginary part. For the commonly observed 

aerosol components in the atmosphere, real part of the refractive index is in the visible 
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and near IR wavelength is between 1.3 and 1.8, whereas imaginary part lies in the 

range 5×10-9 to 5×10-1 [Shettle and Fenn, 1979]. The imaginary part of the refractive 

index is found to be maximum for soot or BC and minimum for sea salt particles.  

 

1.9 Radiative impacts of aerosols 

Atmospheric aerosols interact with the incoming solar short wave radiation and the 

outgoing terrestrial long wave radiation through the two basic processes of absorption 

and scattering [McCartney, 1976]. The effects of these processes range from the 

degradation of visibility to changes in the radiation budget of the earth-atmosphere 

system.  

Absorption is the process in which the incident radiation is fully or partially 

extracted by the interacting particle, which is generally followed by emission. 

Absorption is spectrally selective and discrete. The absorption of radiation by aerosols 

results in heating of the atmosphere. The main absorbers of solar radiation are 

carbonaceous particles, particularly the BC. Certain minerals like Fe, Ti, Si etc. also 

show absorption characteristics [Usher et al., 2003]. 

Scattering is the process by which a particle in the path of an electromagnetic 

radiation extracts energy from the incident wave and reradiates that energy in all the 

directions. The scattering process depends on the size, shape and chemical composition 

of aerosols as well as the wavelength of incident radiation. Depending on the size of the 

particle relative to the wavelength (λ) of incident radiation, a dimensionless size 

parameter (α) is defined as, 

α=2πr/λ      1.17 

 (where r is the radius of the scatterer). Scattering by atmospheric particles are 

mainly is of two types namely Rayleigh scattering and Mie scattering [McCartney, 

1976]. 

 

1.9.1 Rayleigh scattering 

When the particles interacting with the electromagnetic radiation are 

homogenous spheres with size much smaller than that of the wavelength of incident 

radiation (α <<1), the scattering process is termed as Rayleigh scattering. In the 

atmosphere, the chief Rayleigh scatterers are the air molecules and hence this type of 

scattering is also called molecular scattering. In this type of scattering, the intensity of 

scattered radiation also varies inversely as the fourth power of wavelength. Intensity of 

the scattered radiation also depends on the polarization characteristics of the incident 
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light. The scattered light intensity in Rayleigh scattering for unpolarized light is 

proportional to (1 + cos2q) where q is the scattering angle, i.e. the angle between the 

directions of the incident and scattered rays. The angular scattering pattern for 

unpolarized light is shown in Figure 1.5. 

 

1.9.2 Mie scattering 

Atmospheric aerosols are comparable or larger in size compared to wavelength 

in the visible or IR region. The characteristic features of scattering of electromagnetic 

radiation by particles with sizes comparable to the wavelength of incident radiation or 

when α~1, are described by Mie theory [Mie,1908]. Mie Theory assumes the particles 

to be isotropic and spherical with arbitrary size and refractive index [Bulrich, 1964; 

McCartney, 1976]. The scattering pattern essentially depends on particle size and 

refractive index. The main features of Mie scattering include increase of forward 

scattering with increase in particles size and weak wavelength dependence of scattering 

as the particle size increases [Bulrich, 1964; McCartney, 1976]. Mie scattering theory 

provides a generalized approach, has no particle size limitations and converges to the 

limit of geometric optics at large particle sizes.  

Based on the theory of Mie, the differential scattering cross sections sc are 

defined in terms of the angular intensity functions i1 and i2, as given by [Bulrich, 1964; 

Born and Wolf 1996], 

σsc=
�

���
(�� + ��)     1.18 

where 

i1= ��
2n+1

n(n+1)
[anπn(cos θ)+ bnτn(cos θ)]

∞

n=1
� 2   1.19

�� = ��
����

�(���)
[�� ��(cos �) +  ����(cos �)]

�

���
� 2              1.20 

In terms of Mie coefficients an and bn, σsc is expressed as, 

σsc= 
�

��
∑ (2n + 1)�

��� (|an|2+|bn|2 )     1.21 

The scattering coefficient βsc is defined as the ratio of the energy scattered in all 

directions by unit volume of gas to the incident energy. In terms of scattering cross 

section and aerosol number density, βsc is given as, 

��� = ����       1.22 
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where N is the number of aerosols per unit volume. It can be written in the form of 

scattering efficiency factor (Qsc) which is defined as ratio of scattering cross section to 

geometric cross section of the particle given as 

Qsc=sc/π r2       1.23 

where r represents the size (radius) of monodispersion.                  

For a polydisperse system of aerosols 

�sc =∫ �
��

��
r2Qscn(r)dr      1.24 

where n(r)dr denote the size distribution function. Combined effect of absorption and 

scattering is called extinction. The extinction coefficient is given as, 

  �ext = �sc+�ab       1.25 

where βab and βsc denotes the absorption coefficient and scattering coefficient 

respectively. 

 

1.9.2.1 Optical thickness or optical depth 

Aerosol optical depth  an important parameter in the estimation of radiative 

effects/forcing due to aerosols. It is defined as the integrated extinction due to a unit 

column of the atmosphere given as 

τ = ∫ β
�

� exn(h)dh      1.26  

where n(h)dh denote the altitude distribution function of aerosols. Optical depth 

due to entire atmospheric column is the sum of optical depths due to scattering and 

absorption by molecules and aerosols. 

 

1.9.2.2 Single scattering albedo(�) 

The effectiveness of scattering relative to extinction or the relative importance 

of scattering over absorption is quantitatively expressed by single scattering albedo (�) 

defined as, 

� = �sc/ (�sc+ �ab)              1.27 

For an aerosol system of non-absorbing aerosols, =1. Presence of absorbing 

aerosols reduces  and hence as <1. Weakly absorbing aerosols (ω~1) scatter 

radiation and produce cooling. Absorbing aerosols (ω<0.8) tend to reduce the solar 

energy lost from the earth atmosphere system by absorbing the radiation. This increases 

the energy input to the system and produces warming. Smaller the value of ω, more 
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likely is the layer to decrease planetary albedo. The albedo of the underlying surface 

also affects the radiative effects. 

 

1.9.2.3 Phase function P(q) 

Phase function expresses the angular dependence of scattered radiation and 

defined as the ratio of energy scattered per unit solid angle in a given direction to the 

average energy scattered per unit solid angle in all directions. This definition requires 

that the integral of the phase function be normalized to unity. In terms of the angular 

scattering coefficient sc(q) it is defined as, 


= 

q


q
q

4

0
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d
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sc      1.28 

 

1.9.2.4 Asymmetry parameter G () 

It is defined as the integrated measure denoting the fraction of light scattered in 

the forward to that scattered in the backward direction and given by, 

�() =  
∫ ���(�)�(,�)�(���q)

��
�

∫ �(,�)�(���q)
��

�

     1.29 

g takes values 1, 0 and -1 depending on scattering direction. g = 1 for light 

scattered totally in the forward direction and g = -1 for complete backscattered 

radiation and g = 0 for isotropic scattering (e.g.gases). Globally, g values are highly 

heterogeneous, and it varies from 0.5 (polluted) to 0.75 (dusty/sea salt dominated) for 

aerosols and above 0.8 for clouds [Boucher, 1998]. 

Figure 1.5 shows the scattering patterns for different types of scattering. The 

greater the particle size, the more of the light is scattered in the forward direction. 

 
Figure 1.5.Scattering patterns for Rayleigh and Mie scattering (small and large 

particles). 
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Atmospheric aerosols affect the earth’s radiation budget of the earth-atmosphere 

system through three processes. The radiative effects of aerosols are classified as direct 

effect, indirect effect and semi direct effect. 

 

1.9.3 Direct effect 

In the direct effect, aerosols scatter and or absorb the incoming solar radiation 

thereby altering the radiative balance of the earth-atmosphere system [Haywood and 

Boucher, 2000; IPCC 2007;2013]. Non-absorbing aerosols will increase the albedo of 

the atmosphere by scattering or reflecting back the solar radiation, thus reducing the 

amount of solar radiation reaching the surface. Hence scattering produces cooling in the 

atmosphere and earth's surface. On the other hand, the absorbing aerosols cause 

warming. Aerosols have a tendency to cool when they are over a low albedo surface 

and to warm when they are over high albedo surfaces such as snow [Hadley and 

Kirchster, 2012].  

 

1.9.4 Indirect effect 

Clouds play a significant role in the Earth-Atmospheric radiation balance by 

reflecting solar radiation back [Twomey,1977; Derman et al., 2007; IPCC, 2013]. 

Aerosols act as cloud condensation nuclei and hence modify cloud microphysical 

properties. An increase in aerosol concentration causes an increase in cloud droplet 

concentration and a decrease in droplet size for fixed amount of liquid water content. 

This makes the clouds more reflective (brighter), which causes increase in cloud albedo 

resulting in negative radiative forcing or cooling (Twomey effect) [Twomey, 1977]. In 

the second indirect effect, the reduction of cloud droplet size affects the precipitation 

efficiency, which causes an increase in cloud lifetime [Eastman and Warren, 2013], 

and cloud optical thickness. The number of cloud droplets is regulated by the 

concentration of CCN which are generally hygroscopic aerosol particles (sulphates, 

dicarboxylic acids etc.).  

 

1.9.5 Semi direct effect 

This effect is associated with the absorption of solar radiation by aerosols like 

soot or BC in clouds. Solar heating by absorbing aerosols can evaporate low clouds 

resulting in the decrease of cloud cover. [Hansen et al.,1997; Ackerman et al., 2000; 

Jacobson, 2012]. If present in high concentration, this can enhance the daytime clearing  
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of cloud. This warming can partially offset the cooling due to the indirect aerosol 

effect. 

 

1.9.6 Radiative forcing (RF) 

The term radiative forcing has been employed to denote an externally imposed 

perturbation in the radiative energy budget of the earth’s climate system [IPCC 2007, 

2013]. The instantaneous RF refers to an instantaneous change in net (down minus up) 

radiative flux (shortwave plus long wave; expressed in W m–2) due to an imposed 

change in atmosphere. This forcing is usually defined in terms of flux changes at the 

top of the atmosphere (TOA) or at the climatological tropopause, with the latter being a 

better indicator of the global mean surface temperature response. Figure 1.6 shows the 

global average RF in 2011 relative to 1750, for the major climate drivers like 

greenhouse gases, aerosols, albedo change etc. [IPCC, 2013]. The confidence levels in 

the estimate of RF due to different climate drivers are also given in the figure. 

 

Figure 1.6.Global average radiative forcing estimates in 2011 relative to 1750 for the 

main climate change drivers. Confidence levels are denoted by VH-very high, H-

medium, L-low, VL-very low (adapted from IPCC 2013). 

 

Overall, the current aerosol radiative forcing due to scattering aerosols is 

estimated to be around 0.94Wm-2, as opposed to a greenhouse gas forcing of about 



Chapter 1 

 

27 
 

+2.4Wm-2 (IPCC, 2013). The mean radiative forcing for the major aerosol species as 

reported by IPCC 2013 is –0.4 (–0.6 to –0.2)W m–2 for sulphate aerosol; black carbon 

aerosol as +0.4 (+0.05 to +0.8)W m–2; and primary and secondary organic aerosol –

0.12 (–0.4 to +0.1)W m–2; –0.11 (–0.3 to –0.03)Wm–2 for nitrate aerosol; and a 

contribution from mineral dust of –0.1 (–0.3 to +0.1)W m–2 that may not be entirely 

anthropogenic in origin.  

 

1.10 Spatio-temporal variation of aerosols and transport 

The spatial and temporal distribution of aerosols depend on the distribution of 

sources and sinks and the prevailing dynamics. Since majority of the aerosol sources 

are on the earth’s surface, these particles are confined to the source regions and lower 

layers of the atmosphere. Aerosol properties exhibit diurnal, day-to-day, seasonal as 

well as interannual variations owing to variations in the intensity of sources/sinks and 

in response to variations in the meteorological conditions and transport. Aerosol 

properties also evolve during atmospheric transport [Dentener, et al., 1996; Usher et 

al., 2003]. The concentrations and properties of aerosols also vary with altitude in the 

atmosphere.  

 

1.11 Altitude profile of aerosols 

For computing the altitude dependent and columnar radiative properties and for 

assessing the radiative forcing, knowledge on vertical distribution of aerosols (altitude 

profile) is essential. Since most of the aerosol sources are located at the Earth’s surface, 

it is assumed that aerosol concentrations decrease with height. Concentrations are 

generally larger in the atmospheric boundary layer than in the free troposphere. 

However, vertical transport and associated dynamics causes deviations from this 

structure. Often aerosol plumes get lifted into the free troposphere forming stratified 

layers. In addition to this, aerosols also form layers associated with temperature 

inversions, wind shear etc. There exists a local maximum of concentrations in the 

stratosphere called Junge layer where sink mechanisms are less efficient [Junge et al., 

1961].  

 

1.12 Aerosol measurement techniques 

Measurements of aerosol properties are carried out by in situ and remote 

sensing techniques. In situ measurements make direct measurements of the parameters 

at their location or being in physical contact with them. In remote sensing the 
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parameters are deduced by measuring the impact of an electro-magnetic radiation, 

interacting with the particle but without being in physical contact. 

 

1.12.1 Number density-Size distribution measurements 

Particle sizing and number density measurements have been carried out using a 

variety of techniques. Optical particle counters, Differential mobility analysers, 

aerodynamic particle sizers are the widely used instruments for particle sizing and 

counting. 

Optical particle counters (OPCs) are the most common method for counting 

and sizing of aerosols in the size range 0.1µm to 20µm. The basic principle of OPCs is 

to measure the amount of light scattered by individual particles as they traverse through 

focused beam of light. The light scattering efficiency depends on the size and refractive 

index of the particles [McCartney, 1976]. Most of the OPCs use laser light as the 

illuminating radiation. The scattered light from each particle is directed to a 

photodetector, where it is converted to a voltage pulse. Particle size is determined from 

the magnitude of this voltage pulse by using a calibration curve obtained from 

measurements using spherical particles of known sizes and refractive index. Pulse 

height and area are the commonly used measures of pulse magnitude. Size distributions 

are obtained by measuring the distribution of pulse magnitudes obtained from a 

representative population of particles. Condensation nuclei counters (CNC) also 

referred to as condensation particle counters or Aitken Nuclei Counters are used for the 

measurement of total aerosol number concentration. Particles are grown by 

condensation in CNCs until they are sufficiently large to be detected optically. The 

diameter growth factors are as large as 100 to 1000. CNCs can detect particles as small 

as 0.003 µm. In earlier instruments the counting was done using microscope. Currently, 

CNCs use automated single-particle counting achieved by measuring light attenuation 

or scattering by the particles.  

Electrical mobility analyzers classify particles according to the electrical 

mobility [Hinds, 1999]. Conductivity depends on gas properties, particle charge and the 

geometric particle size but is independent of other particle properties such as density. 

Later the Electrical mobility analyser has been replaced by the differential mobility 

particle sizer (DMPS). The DMPS includes a differential mobility analyzer (DMA, also 

referred to as the electrostatic classifier) [Mc Murray et al., 2000] and a particle 

detector, like CNC.  
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The aerodynamic particle sizers are used for simultaneous counting and sizing 

particles. As an aerosol particle is rapidly accelerated through a nozzle into a partially 

evacuated chamber, particles tend to lag behind the carrier gas due to inertia. The 

difference between the particle and gas speeds increases with size and density since 

inertia increases with these properties. Aerodynamic size of the particle is inferred from 

particle velocity, which is determined by measuring the time of flight taken by the 

particle to travel a known distance.  

 

1.12.2 Aerosol mass concentration measurements  

Aerosol sampling for mass concentration measurements involves the collection 

of the aerosols on suitable collection media for subsequent gravimetric and chemical 

analysis. Traditionally aerosol sampling is done by drawing ambient air through 

suitable collection substrates like membrane or fiber filters, inertial impaction plates, 

thermal or electrostatic precipitation plates or in a liquid or wet media using a pump 

[Chow, 1995].Based on the size range of aerosols collected, the samplers are of two 

types namely Total Suspended Particulate (TSP) sampler or size selective sampler like 

PM10, PM2.5, PM1, etc. The latter needs a size-selective inlet and efficient flow 

control methods. The ideal aerosol sampling inlet would draw in 100% of the particles 

in a specified size range and would transport them to the collection media without 

altering their properties. The efficiency with which particles enter the inlet varies with 

particle size, wind speed, and direction. Depending on the flow rate, the samplers are 

classified as low volume and high volume samplers.  

Particle collection on filters is achieved by three different processes: diffusion, 

direct interception and impaction [Mark, 1998] as illustrated in Figure 1.7. Diffusion 

refers to the net migration of particles from regions of high concentration to low 

concentration and this process is controlled by Brownian motion. Because particle 

diffusivities increase with decreasing size, collection efficiencies increase as size drops 

below ~0.1µm. Particles larger than about 0.5µm are collected by interception and 

impaction. Collection efficiencies in these mechanisms increase with increasing size. 

This mechanism is more effective in the case of particles with sizes < 0.1µ. Particles 

with the same order of size as the obstacle (e.g. pore size), gets collected by 

interception.  



Chapter 1 

 

30 
 

 

 

Figure 1.7. Schematic of different deposition processes like diffusion, impaction and 

interception. 

 

Impaction is the most commonly used mechanism for particles in a wide size 

range. When the direction of airflow containing particles is distorted by the presence of 

a bent or obstacle, because of inertia, the particles tend to continue along their original 

path and get deposited on the obstacle (the filter medium in the case of sampling). 

Collection efficiencies by these mechanisms increase with increasing size above 0.5µm. 

Size-selective inlets use inertial classification to remove particles larger than a specified 

aerodynamic size, the most commonly used techniques being impaction and cyclonic 

separation. 

 

 

 

Figure1.8. Mechanism of particles deposited in a cascaded impactor. 
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The dimensionless parameter that determines whether particles are collected by 

an impactor is the Stokes number, St, defined as [Mc Murray, 2002] 

�� =
���

(�������)/�
=

����
����

���������
    1.30 

Where τ is particle relaxation time, U0 is the mean velocity through the 

accelerating nozzle, Dnozzle is the diameter of the accelerating nozzle, ρp is particle 

density, Dp is particle diameter, C is the slip correction factor and µ is the absolute 

viscosity of the gas. In practice, impactors collect particles that have Stokes numbers 

larger than a critical value typically in the range 0.21 to 0.23. Cascade impactors with a 

series of stages, each with a successively smaller cut point, are commonly used to 

collect size-resolved aerosols (Figure 1.8). Virtual impactors are also used as size-

selective inlets.  

Cyclones are cone-shaped devices in which the sampled aerosol enters 

tangentially, rotates several times about the axis, and exits vertically through an 

opening located on the axis at the top. Particles are transported to the wall by 

centrifugal force. Liquid particles adhere to the wall, while solid particles settle into a 

collecting cup located at the bottom of the cyclone. The performance of the cyclone 

(e.g. cut off size) is determined empirically. 

Electrostatic precipitation is another technique which applies a potential 

difference across a sample airflow, which leads to the ionization of the gas column 

resulting in collisions between particles and ions to produce electrostatically charged 

particles. Subsequently passage of these charged particles through an electric field 

results in their collection at an oppositely charged electrode. The method has 100% 

efficiency for particles with diameter ranging from 0.2 to 10µm. In thermal 

precipitators, a gas containing suspended particles is brought into contact with a 

heated surface, the thermal force causes particles to migrate from a zone of high 

temperature to the zone of lower temperature. Automated methods for measurements of 

aerosol mass concentrations include the beta gauge, piezoelectric crystals, and the 

oscillating element instruments. 

 

1.12.3 Measurement of Optical/radiative properties  

Techniques of nephelometry and photoacoustic spectroscopy are used for 

measurement of absorption and scattering coefficients. The integrating nephelometer 

is used worldwide to measure the scattering coefficients of suspended particulate matter 

[McMurry et al., 2000].  It works on the principle of attenuation of light passing 
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 through a medium. Particle scattering coefficients for a given wavelength λ can be 

expressed as the integral over scattering angle θ of the particulate volume scattering 

function. The integration covers scattering angles from near forward to near backward. 

When equipped with a photon-counting detector, the integrating nephelometer can 

measure the particle light scattering coefficients less than 0.1Mm-1. Absorption 

coefficients are inferred from measurements on particles collected on filters. 

Aethalometer make use of this technique for measurement of BC. However, the 

viability of conducting in-situ measurements using photoacoustic spectrometry has 

also been demonstrated.  

 

1.12.4 Chemical composition measurements 

Several analytical techniques are available for identification and quantification 

of various chemical species in the aerosol samples. The most accepted techniques are 

Ion chromatography (IC) atomic absorption spectroscopy, atomic emission 

spectroscopy, High Performance Liquid Chromatography (HPLC), Gas 

Chromatography (GC), Inductively Coupled Plasma-Mass Spectrometry (ICP-MS), and 

Neutron Activation(NA).Scanning electron microscopy (SEM) and transmission 

electron microscopy (TEM) are also used for the measurement of particle morphology 

and elemental composition. Online monitoring of bio aerosols is carried out based on 

aerodynamic sizing and fluorescence spectroscopy. Brief descriptions of the major 

techniques relevant in the context of the present work and their underlying principle of 

operation are outlined below. 

Chromatography refers to a group of analytical techniques that enables the 

separation, identification and quantification of the components of a complex mixture. 

This technique makes use of a stationary phase and a mobile phase. Components of the 

mixture are carried through the stationary phase by the flow of the mobile phase. 

Separation of components is based on the difference in migration rates among them 

which depends on the fraction of time it spends in the stationary phase. Different 

variants of this technique like Ion Chromatography (IC), Gas Chromatography (GC), 

High Pressure Liquid Chromatography (HPLC) are widely used for the analytical 

separation of complex mixtures. A detailed account of IC is given in Chapter 2. 

Atomic spectroscopy involves the absorption, emission or fluorescence of 

radiation characteristic of the particular atom under analysis. Based on the specific 

mechanism of absorption, emission or fluorescence that is being used for analysis, the 

different methods are named as Atomic Absorption Spectroscopy (AAS), Atomic 
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Emission Spectroscopy (AES) and Atomic Fluorescence Spectroscopy (AFS). In AAS, 

the sample is atomized and the free atoms in ground state absorb radiation of specific 

wavelength characteristic of the species and get excited to higher levels. The 

wavelength at which absorption takes place and amount of attenuation occurs to the 

source intensity are used for identifying and quantifying the constituents in the sample. 

In AES, the elements or atoms are excited to higher energy levels by external sources 

and as they fall down to lower energy level, characteristic radiation of the atom is 

emitted, which is measured to quantify the respective species.  

Neutron Activation Analysis (NAA) is the most commonly used technique for 

identifying and measuring trace amounts of specific nuclides in materials. In this 

technique the, isotopes of the element of interest – radio nuclides –are produced. The 

radiation emitted from this while decaying is detected and used for the quantification of 

the sample. The technique is capable of analyzing multiple elements present in the 

sample.  

X-Ray Fluorescence (XRF) technique is used for analysis of metallic species 

with atomic number from 11 to 92. The filter deposit is irradiated by high energy X-

rays which eject inner shell electrons from the atoms of each element in the sample. 

When a higher energy electron drops into the vacant lower energy orbital, a fluorescent 

X-ray photon, characteristic of the element, is released. The number of photons is 

proportional to the concentration of each element. Commonly used techniques are: 1) 

wavelength dispersive XRF (WDXRF), which utilizes crystal diffraction for 

observation of fluorescent X-rays and 2) energy dispersive XRF (EDXRF), which uses 

a silicon semiconductor detector. In the Proton-Induced X-Ray Emission (PIXE) 

analysis, the sample is bombarded with high energy protons to remove inner shell 

electrons.  

For the quantification of carbonaceous aerosols, thermal techniques are widely 

accepted. The total carbon is estimated as the sum of elemental carbon (EC) or Black 

carbon (BC) and OC. TC, OC and EC can be determined by thermo chemical oxidation 

or thermal combustion of the sample and measurement of the evolved CO2. The carbon 

content in each (OC or EC) gets oxidised at different temperatures characteristic of the 

component. BC is also estimated using optical absorption methods. Photoacoustic 

spectroscopy makes direct measurements of light absorption by aerosol particles and 

quantify the BC concentrations. 

Mass spectrometry is an analytical technique that identifies the chemical 

composition of a sample based on the mass-to-charge ratio of charged particles. In this 
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technique, individual molecules in a sample are converted to ions and these charged 

particles are subjected to electric and magnetic fields. The deflection of a charged 

particle depends on its mass to charge ratio. The sample to be analyzed is ionized either 

thermally or with the help of a radio frequency spark/laser ion source and then 

separated according to their mass-to-charge ratio. Scanning Electron microscope also 

provides information on particle morphology and elemental composition. With this 

approach, particles are collected on a filter or impaction substrate and are irradiated by 

electrons under vacuum conditions. Information on elemental composition is achieved 

by measuring the X-ray energy spectrum produced by interactions of the electrons with 

the particles.  

 

1.13 Remote sensing techniques 

Atmospheric remote sensing, involves the detection of changes in 

electromagnetic radiation reaching the observer after interacting with atmospheric 

constituents such as gases, water vapour, aerosols, clouds by using appropriate 

inversion technique. Basically remote sensing techniques are of two types, namely 

active and passive.  

Active remote sensing employs a radiation source generated by artificial means 

such as the lasers used in LIght Detection And Ranging (LIDAR), the microwaves used 

in RAdio Detection And Ranging (RADAR) or sound waves in SOund Navigation And 

Ranging (SONAR). Passive remote sensing utilizes the natural radiation sources such 

as Sun, Moon or the Earth-atmosphere system and is carried out from ground-based, 

ship-borne, air-borne, and space-borne platforms. Passive remote sensing devices 

include sun photometers/solar radiometers, and spectro- radiometers, etc.  

 

1.13.1 Satellite Remote sensing of aerosols 

In this technique, satellite sensors measure the top of the atmosphere (TOA) 

radiance which is emitted, reflected or scattered. For a cloud-free atmosphere, the TOA 

radiance is caused by scattering by molecules and aerosols, and by reflectance from the 

earth's surface. The satellite received radiances are analysed to extract the aerosol 

properties using appropriate inversion methodologies. However, for the retrievals, 

several assumptions on aerosol properties have to be made which include the nature of 

the aerosol size distribution, their refractive index, and reflectance of the underlying 

surface. In spite of this limitation, satellite remote sensing has the advantage of regional 

and global coverage.  
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The first applications of satellite remote sensing of aerosols began in the mid-

1970s with the detection of desert aerosols above the ocean using LANDSAT, GOES, 

and AVHRR data [Fraser, 1976; Mekler et al; 1977; Carlson and Wendling, 1977; 

Norton et al; 1980].Long term aerosol product over land, is produced using ATSR-2 

(Along Track Scanning Radiometer) [Veefkind et al. 1998] and AATSR (Advanced 

Along Track Scanning Radiometer) measurements [Grey et al. 2006]. Total ozone 

mapping Spectrometer (TOMS) provides the Absorbing Aerosol Index. The dedicated 

instruments for aerosol retrieval are POLarization and Directionality of the Earth’s 

Reflectances (POLDER) which measures the spectral, directional and polarized light 

reflected by the Earth-Atmosphere system [Tanre et al. 2011], Moderate Resolution 

Imaging Spectroradiometer (MODIS)[Levy et al., 2013] and the Multi-angle Imaging 

Spectro-Radiometer (MISR)[Diner et al., 1998]. Another milestone was the launch of 

the space-borne lidar Cloud-Aerosol LIdar with Orthogonal Polarization (CALIOP) on 

CALIPSO (Cloud Aerosol Lidar and Infrared Pathfinder Satellite Observations) [Young 

andVaughen, 2009].  

The Stratospheric Aerosol Measurement instrument (SAM) launched in 1978 

[McCormick et al., 1989] and the SAGE series Stratospheric Aerosol and Gas 

Experiment (SAGE) focussed on stratospheric aerosols and gases. 

Radiative transfer (RT) calculations form an essential part of retrieval of aerosol 

parameters. Since RT calculations are highly time consuming, they are used outside the 

actual retrieval algorithm to prepare Look Up Tables (LUTs) for a wide variety of 

aerosol conditions. The LUTs are generated for a set of aerosol models which are 

representative for a certain area [Remer et al., 2005; Levy et al. 2013] using RT codes. 

Aerosol parameters are retrieved by comparing the radiation received by an instrument 

at TOA with that calculated using a RT model for the same geometry and atmospheric 

conditions, for a range of aerosol models. The best fit model is selected to provide the 

retrieval solution. 

 

1.14 Global scenario 

Due to the growing scientific interest in atmospheric aerosols and their 

environmental and climatic impacts, and the tremendous advances in measurement 

technologies, the understanding of their physical properties, chemical composition and 

atmospheric processes has increased enormously during the last three decades. Before 

1950’s most of the aerosol research focused on atmospheric conductivity [Barren and 

Willeke, 2001]. The physical and chemical characteristion of aerosols was initiated by 
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Junge, [1963]. Since then, focused research in the area of aerosol science using 

sophisticated instruments, techniques and measurements in campaign mode have 

gained momentum all over the world. Prospero et al., [1983] have given a detailed 

account on the physical and chemical characteristics of aerosols and highlighted the 

need for a comprehensive measurement of aerosol properties. This section gives a brief 

overview of the major studies on the physical, chemical and radiative characteristics of 

aerosols conducted all over the globe.  

The fixed station measurements and the campaign-mode experiments conducted 

worldwide during last few decade have brought out the spatial and temporal 

heterogeneities in the physico-chemical characteristics of aerosols. The major land 

campaigns include Megacity Impact on Regional and Global Environments field 

experiment (MILAGRO) [Paredes-Miranda et al., 2009], Geostationary Earth 

Radiation Budget Inter-comparisons of Longwave and Shortwave 

(GERBILS)[Christopher et al., 2009], the Amazonian Aerosol Characterization 

Experiment 2008 (AMAZE-08), the Integrated project on Aerosol Cloud Climate and 

Air Quality interactions (EUCAARI) [Kulmala et al., 2011] and Atmospheric Brown 

Clouds (ABC, Nakajima et al., 2007),South AMerican Biomass Burning Analysis 

(SAMBA) over South America [Brito et al, 2014]; Intercontinental Chemical Transport 

Experiment (INTEX)[Bergstrom et al., 2010], African Monsoon Multidisciplinary 

Analysis AMMA over West Africa [Matsuki et al., 2010] and Southern African Fires 

and Atmosphere Research Initiative(SAFARI-92) over southern Atlantic and southern 

Africa [Lindesay et al., 1996] and Ganges Valley Aerosol Experiment (GVAX)all of 

which improved our understanding of the regional properties of aerosols. 

As part of GAW (Global Aerosol Watch), there are aerosol networks, regional 

or global in scope. In US several networks are operational since 1970s. Most of the 

network stations measure aerosol mass concentrations, chemical compositions and 

optical depths. Data from Interagency Monitoring of Protected Visual Environment 

(IMPROVE) network [Malm et al., 1994, Hand et al., 2012] and other stations in US 

[Quinn et al., 2002; Bates et al., 2006], measurements from Arabian Peninsula [Reid et 

al., 2008],China [Li et al., 2007] and West Africa [Haywood et al., 2008] have 

produced several new results in aerosol science. Long term PM2.5 measurements over 

the IMPROVE network sites showed significant downward trends (4.0%/yr), and that 

of PM10 was ~ 3.1%/yr for 2000–2009. Hidy and Pennell [2010] observed a similar 

declining trend of PM2.5 and sulphates in Canada. Similarly aerosol number 

concentrations [Asmi et al., 2013] are declining significantly at most sites in Europe, 
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the Pacific and the Caribbean, but increasing at South Pole based on a study of 17 

globally distributed remote sites [IPCC, 2013]. 

 Systematic long term measurements of physical and chemical characteristics of 

aerosols are being carried out from large number of stations in Europe [Coe et al., 

2006; Philippin et al.,2009; Putaud et al., 2010], USA [Asmi et al., 2011]. Ford and 

Herald, [2013] observed strong seasonality in aerosols over the Southeastern United 

States based on satellite data and surface network sites. Aerosol characteristics and their 

impacts on air quality and climate are being investigated over China and many other 

Asian countries [Li et al., 2013, 2016; Stone et al., 2013, Sanderson et al., 2014, Ho et 

al., 2015; Ding et al., 2016]. 

Realizing the role of sea salt aerosols in cloud formation and regional climate, 

several laboratory and campaign mode measurements were initiated since 1950. The 

production mechanisms of sea salt aerosols from breaking waves and white caps and 

their wind speed dependence were postulated several decades ago [Monahan et 

al.,1982;Exton, et al., 1985and De Leeuw 1986].Studies have shown that the fine 

particle mode (r <0.25μm) in clean marine air is composed predominantly of nss-sulfate 

derived from the dimethylsulphide (DMS) [Charlson et al., 1987].The sea-salt, non-

sea-salt and organic aerosols exists in ultrafine, fine and coarse modes over oceans. 

Extensive reviews on marine aerosols are also available in literature [Fitzgerald, 1991; 

Heitzenberg et al., 2000; Gantt and Meskhidze, 2013]. 

The major ship-based campaigns conducted over oceanic regions for marine 

aerosol characterisation include Transport and Chemical Evolution over the Pacific 

(TRACE)-A over the southern Atlantic [Fishman et al., 1992], Aerosol Characterisaion 

Experiment ACE-1 and 2 over Southern Oceans and Atlantic [Bates et al, 1998; Raes et 

al., 2000],Tropospheric Aerosol Radiative Forcing Experiment TARFOX over north-

western Atlantic [Russell et al, 1999], Aerosols99 over Atlantic [Bates et al, 2001], 

INDian Ocean Experiment (INDOEX) over Indian Ocean [Ramanathan et al., 2001], 

TRACE-P over east Asia and north-western Pacific [Jacob et al., 2003], ACE-Asia 

over east Asia and northwest Pacific [Huebert et al., 2003] and Integrated Campaign 

for Aerosols, gases and Radiation Budget (ICARB; Moorthy et al., 2008). 

Significant contribution of soil dust particles have been reported in numerous 

studies conducted in Europe [Pio et al., 2007], North-America [Owega et al. 2004], 

Asia [Chen et al., 2004] and Australia [Chan et al., 1999]. Mineral dust transported 

from arid continental areas through the atmosphere to remote marine regions has size 

ranges varying from 0.03µmto >75µm diameter [Jaenicke and Schu¨tz, 1978; Maring et 
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al., 2000]. Elaborate studies were carried out on the chemical composition of mineral 

dust from Sahara and Gobi deserts [Kurosaki and Mikami et al., 2007].The radiative 

effects of the Saharan dust on the Asian monsoon [Chinnam et al., 2006; Lau and Kim, 

2010;] and the West African monsoon are documented [Lau et al., 2009].  

Anthropogenic aerosols including traffic-related pollutants and industrial 

emissions have an adverse effects on human health. Roads are one of the largest 

emitters of aerosols, in particular, the mineral components in many urban areas 

[Ruellan and Cachier, 2001, Manoli et al. 2002). Hildemann et al., (1991) have 

reported that road dust in fine (<2µm) mode consists of 27% SiO2, 17% organics, 11% 

Al2O3, 9% Fe2O3, and 4% Ca and contribute to a major anthropogenic dust source. It is 

found that road dust was heavily enriched in Cu, Zn and Pb, that are associated with 

vehicular emissions. Motor vehicles are found to be responsible for up to 30% of the 

PM2.5 mass in industrial areas [Fraser et al., 2003]. Dillner et al., [2006] studied size 

segregated particulate composition over Beijing and found that fine mode particles 

including nitrates and sulphates are higher during industrial pollution events than dust 

events. Anthropogenic aerosol concentrations are much lower in the Southern 

Hemisphere than in the Northern Hemi- sphere [Rotstayen et al., 2008]. Biomass 

burning is considered to be the largest source of primary carbonaceous aerosol particles 

into the Earth’s atmosphere [Virkula et al., 2014 and references therein]. In view of this 

several studies were carried out to characterize the physiochemical and radiative 

properties of particulate emissions from biomass burning and forest fires. 

In view of the importance of chemical composition of aerosols in radiative, 

climatic, environmental and health impacts, chemical characterization became part of 

aerosols science. The efforts for aerosol chemical characterization were initiated way 

back in the middle of twentieth century starting with the analysis of inorganic ions. 

Quality checked long-term chemical composition data of aerosols is available from 

several sites in US and Europe [Putaud et al., 2010]. But data is limited over Asian 

region. However in recent years, several studies were conducted over China, Japan, 

Korea and Indian region[Chun et al 2001;Takami et al., 2005; Nair et al., 2008; Geng 

et al., 2011; Stone et al., 2011;Ho et al., 2015; Ding et al., 2016; Li et al.,2016]. Even 

though, studies on inorganic aerosols are extensively done all over the world, the 

organic aerosol analysis was still limited. However, studies on black carbon/elemental 

carbon and other primary biological aerosols have advanced significantly in last one 

decade. 
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 The radiative forcing capability of aerosols are also addressed extensively 

[Charlson et al., 1987; Hansen et al., 1997, Haywood and Boucher, 2000] with model 

simulations [Zhuang et al., 2013; Shindell et al., 2013] long-term measurements and 

satellite based retrievals. The estimated direct radiative forcing showed a wide range of 

values [Ramanathan et al., 2001; Satheesh et al., 2002;Markowicz et al., 2008; Zhuang 

et al., 2013]. Accurate measurement of absorbing aerosols is a major challenge even 

now. Even with the state of the art measurement techniques and modelling capabilities, 

the uncertainties in the assessment of regional radiative forcing due to aerosols remain 

large (IPCC, 2013).  

 

1.15 Indian scenario  

Indian research in the field of atmospheric aerosols was initiated in 1950s under 

India Meteorological Department (IMD) [Sikka, 2000]. Earlier studies were based on 

rain water chemistry, solar radiation measurements and atmospheric turbidity. Analysis 

of rain water analysis was extensively used for inferring the water soluble components 

of the atmospheric aerosols and to understand the aerosol characteristics [Murty and 

Ramanamurty,1969; Kapoor et al. 1972; Khemani et al., 1985; Mahadevan et al.,1989]. 

These studies revealed seasonality in aerosol composition with a significant signature 

of marine aerosols (Cl and Na) during monsoon season and sulphate aerosols and soil-

derived metallic species during winter (Al, Fe, Mn and Ca) over Indian region. 

One of the pioneering Indian works in aerosol research was based on the 

pyrheliometric measurements at various locations during 1966–1967 and the estimation 

of Angstrom turbidity coefficients [Mani et al., 1969]. In 1970s IMD established the 

Background Air Pollution Monitoring Network (BAPMoN) of ten stations covering 

urban, semi-urban and remote island regions for atmospheric turbidity measurements 

using sunphotometers and rain water analysis [Soni and Sarkar 2006].Subsequently, 

high-volume air samplers and cascade impactors were used to collect ambient aerosols 

from different geographic environments and analyse them in the laboratory [Rastogi 

and Sarin, 2005; George et al., 2011; Kulshrestha et al., 2013]. Systematic 

investigations of the physico-chemical properties of aerosols, their temporal and spatial 

heterogeneities, spectral characteristics, size distribution, and modulation by regional 

mesoscale, and synoptic meteorological processes commenced in early 1980s when 

lidars and multi-wavelength solar radiometers became operational [Parameswaran et 

al.,1994; Devara et al.,1995;Jayaraman et al., 1996; Jayaraman et al., 1998, Moorthy 

et al., 1999]. Under ISRO-GBP, aerosol research gained momentum and currently 
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aerosol optical depth and BC measurements are being done from a network of Stations 

spread all over India [Gogoi et al., 2009; Babu et al., 2013]. The first time 

measurements of altitude profile of aerosols from Indian region were carried out from 

Thiruvananthapuram using lidar systems [Parameswaran et al., 1994, 1998, 2004]. 

With the establishment of AERONET stations over different locations of IGB, 

quantitative results on the AOD in fine and coarse modes have been brought out [Dey et 

al., 2004; Srivastava et al., 2012; Tiwari et al., 2013; Kaskoutis et al., 2013]. Aerosol 

mass concentration over Pune was found to be bimodal in nature with one peak in fine 

particle mode (0.04-0.05µm) and other in coarse mode (5-6µm) [Safai et al., 2004, 

2005]. At Delhi, the summer time PM10 loading was 8% higher than that of PM2.5 

during August 2007 to October 2008 [Tiwari et al., 2012]. Aerosol characteristics over 

Indian region exhibits large variabilities and are strongly influenced by monsoon 

activity and changing air mass types [Hegde et al., 2007; George et al., 2008].  

The chemical composition of aerosols also depict large regional variations over 

India [Nair et al.,2006; George et al., 2008, 2011]. The concentration of mineral dust 

and combustion aerosols were found to dominate at Bombay affecting air quality and 

health [Sadasivan and Negi, 1990; Nambi et al. 1997; Bhanarkar et al. 2005]. 

Vehicular emissions show profound influence on the chemical composition of aerosols 

at urban areas like Pune [Safai et al., 2004]. The seasonal changes in aerosol chemical 

properties at TVM during under sea breeze conditions, their source characteristics and 

association with synoptic scale meteorology are given by George et al., [2008]. At 

another site Cochin, the observed aerosol mass loading and mass concentrations of 

anthropogenic species were significantly higher than that at TVM [Bindu et al., 2015]. 

Large contribution from crustal material/road dust followed by metallurgical and 

industrial emissions were observed at Tirupati [Mouli et al. 2006]. The chemical 

composition of PM10 aerosols including inorganic and carbonaceous aerosols at 

Chennai is given by Mouli et al., [2011].  

During pre-monsoon seasons, the IGB receives heavier loading of natural dust 

aerosols, transported from the neighbouring Desert regions (Thar Desert) of western 

Rajasthan in India [Dey et al., 2004; Pandithurai et al., 2008; Gautham et al., 2009; 

Srivastava et al., 2010]. Information on the carbonaceous aerosols over IGB and Agra 

are also available [Pachauri et al., 2012 and Singh et al., 2016]. Studies over high 

altitude regions Hisar, Manora Peak, Mt. Abu and several other locations from middle 

Himalayan region have brought out annual changes in chemical composition of natural 
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and anthropogenic aerosols including carbonaceous species [Shrestha et al.,  2010; 

Rengarajan et al., 2007; Ram et al., 2008; Hegde et al., 2012; Sudheer et al., 2015].  

Emission of carbonaceous aerosols from various fuels used in India and their 

budgets were estimated by Parashar et al.,[2005] and Venkataraman et al.,(2005).The 

mass concentrations of inorganic ions and metallic species in aerosols from varying 

geographic locations like TVM, Ahmedabad, Kanpur are available and oceanic regions 

of AS, BoB and IO are available [Kumar et al., 2008; George et al., 2011; Ram and 

Sarin 2012; Nair et al., 2014], even though long term studies are limited. The OC 

measurements are sparingly done over Indian region except from few stations like 

Nainital [Hegde et al., 2015] and Ahmedabad [Rastogi et al., 2009]. Two major land 

campaigns were organized under ISRO-GBP for the characterization of aerosols during 

2004 brought out significant regional variations in aerosol physical, chemical and 

optical properties over Indian region. As a part of the Land campaign I measurements 

of aerosol mass loading, optical depth and chemical composition have been carried out 

over peninsular India during the winter month of February 2004 [Singh et al., 2006; 

Nair et al., 2006; Niranjan et al., 2005; Jayaraman et al., 2006]. Extensive information 

on the winter time aerosol properties over the IGP emerged as a result of the Land 

Campaign II conducted during December 2004. Which provided a comprehensive 

database on the optical, microphysical and chemical properties of aerosols over the 

Indo-Gangetic Plains [Ganguly et al., 2005; Nair et al., 2007; Nair et al., 2009; George 

et al., 2011]. Winter-time properties of aerosols over the urban site of Kanpur and rural 

location Kharagpur in the context of fog/haze events were investigated by various 

teams [George et al., 2008; Nair et al., 2009]. In situ measured data on aerosol number 

- density size distribution -a major input needed for RF estimation from Indian region is 

also limited except for the few measurements done on campaign mode [Pant et al., 

2006; Nair et al., 2009]. 

Several campaigns were conducted over the Arabian Sea, Indian Ocean and 

BoB in the last few decades. Among these, the INDOEX campaign was a great step in 

bringing out a comprehensive picture on the physical, chemical and radiative 

characteristics of aerosols over the oceanic environments surrounding Indian 

subcontinent [Satheesh et al., 1999; Rajeev et al., 2000; Ramanathan et al., 2001]. A 

model for the natural and anthropogenic aerosols over the cruise region was evolved for 

the first time from the studies conducted during the INDOEX [Satheesh et al.,1999]. 

The mean single scattering albedo values were found to be 0.88 for coastal India, 0.93 

for AS and 0.99 for the Indian Ocean. However, aerosol characterizations over the BoB 
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were rather limited confining to the north-western and north-BoB [Vinoj et al., 2004; 

Sumanth et al., 2005]. 

Another campaign, the Arabian Sea Monsoon Experiment (ARMEX) was 

conducted in inter monsoon season of 2002 and 2003 over Arabian Sea and 

characterized the physical properties of aerosols and assessed their radiative impacts 

[Babu et al., 2004]. The ICARB campaigns conceived under Indian Geosphere 

Biosphere Programme and conducted over the Arabian Sea, Bay of Bengal and 

northern Indian Ocean [Moorthy et al., 2008; George et al., 2009; Nair et al., 2010; 

Nair et al., 2014; Aryasree et al., 2015] has been a major step in aerosol 

characterisation over Indian region. As compared to Arabian Sea, measurements were 

less over the Bay of Bengal. The major cruise-based measurements conducted in this 

region are BOBMEX (Bay of Bengal Monsoon Experiment in July-August 1999 [Bhat 

et al., 2001] and ICARB conducted in two phases. Apart from this, during the CTCZ 

(Continental Tropical Convergence Zone) campaign also aerosol measurements were 

carried out.  

These campaigns provided a wealth of data on the chemical, physical and 

optical properties of aerosols over this region. Details on the earlier studies on aerosol 

characteristics (over the present study regions) based on in-situ measurements, along 

with few major studies over other regions are given in Table 1.2. Apart from the data 

from limited campaigns, majority of studies on aerosols over the marine environments 

of AS, IO and BoB made use of satellite-based AOD data [Nair et al., 2009; Rajeev et 

al., 2010]. MODIS data of AOD, fine mode fraction are extensively used for aerosol 

characterization. Satellite data is also used with RT models for estimations of regional 

Radiative Forcing and their effects on atmospheric dynamics. Most of the studies on 

long-term trends on aerosol physical and optical properties over Indian region are based 

on satellite-based datasets [Dey and Di Girolamo, 2011; Ramachandran et al., 2013], 

Aerosol Robotic NETwork (AERONET) measurement stations [Dey and Tripathi, 

2008], and ARFINET stations [Moorthy et al., 2013; Babu et al., 2013]. In spite of all 

these measurements and studies, size distribution measurements, chemical composition, 

in particular the size segregated chemical composition are insufficient for arriving at a 

comprehensive, region-specific picture of aerosols and realistic estimation of their 

radiative characteristics. 
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1.16 Scope of the present study 

Aerosol research is fuelled by the impact of these minor species in earth’s 

radiation budget, climate, air quality, visibility, remote sensing, atmospheric chemistry, 

environment and public health. For the quantitative assessment of any of the above 

impacts of aerosols, comprehensive understanding on their physical and chemical 

characteristics is essential. In general most of the studies focus on either their physical 

properties like, size, number density and mass concentration or their chemical 

characteristics. Aerosol optical depth, a measure of the radiative impact of aerosols, is 

also measured. But, simultaneous and collocated measurements of the physical and 

chemical properties which is crucial in the estimation of radiative impacts are highly 

limited and scarce over Indian region. This causes large uncertainties in all model based 

estimates of radiative forcing due to aerosols and the consequent climate impacts [IPCC 

2013]. Moreover, due to the large spatio-temporal heterogeneities in the aerosol 

sources, sinks and transport processes, region-specific studies on the above aspects 

become highly essential. With this background, the present work has been carried out 

with the following major objectives.  

(1) Simultaneous and collocated measurement of aerosol number density, size 

distribution, mass loading and chemical composition of near surface aerosols at the 

coastal site Thiruvananthapuram and the oceanic environment of Arabian Sea and Bay 

of Bengal (2) Model based estimation of radiative characteristics of aerosols over these 

environments making use of the in-situ measured data. (3) Understanding the role of 

mesoscale and synoptic scale meteorology in the spatio-temporal behavior of aerosols 

and to identify the transport pathways and (4) Seasonal changes in in-situ measured 

near surface properties and satellite-retrieved columnar characteristics of aerosols over 

the dynamically active BoB region. 
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Table 1.2. List of major studies on aerosol characteristics carried out at the present study 

location based on in-situ measurements, along with those conducted over various regions 

over the globe. 

 

Region of Study Aerosol Parameters 
measured 

References 

Thiruvananthapuram 
 
 

Mass loading/distribution 
Inorganic Species 
Black carbon and optical 
properties 
Boundary layer Number 
density 

Pillai et al 2001; George et al., 2011 
George et al., 2011 
Babu, 2004; Moorthy et al., 1999 
 
Parameswaran et al., 1994 

Bay of Bengal Physical properties (Mass 
loading) 
Chemical composition  

 
Black carbon and Optical 
properties 

Bhat et al., 2001; Nair et al., 2010  
Kumar et al., 2008; Sudheer and 
Sarin 2008; Nair et al., 2014; 
Aryasree et al., 2015 
Satheesh et al., 2006; Nair et al., 
2010  
 
 

Arabian Sea  Physical properties (Mass 
loading) 
Chemical composition  
 
 
Black carbon and Optical 
properties 

Tindele and Pease 1999; Babu, et al., 
2004; Satheesh et al., 2002 ; Nair et 
al., 2006; Kumar et al., 2008; George 
et al., 2009  
 
Ramanathan et al., 2001; Babu et al., 
2004; Satheesh et al., 1999; Nair et 
al., 2008 
 

Europe Physical and chemical and 
radiative  properties 

Coe et al., 2006; Pio et al., 2007; 
Pacyna et al., 2007; Putaud et al., 
2010; Kulmala et al., 2011 

US Physical and chemical and 
radiative properties 

Malm et al., 1994; Quinn et al., 2002; 
Quinn and Bates, 2005; Remer et 
al., 1997; Owega et al., 2004;  
Hand et al., 2012; Asmi et al., 2011; 
Brito et al., 2014 
 

Asia Physical and chemical and 
radiative properties 

Chen et al., 2004; Takami et al., 
2005;  Li et al., 2007; Nakajima et al., 
2007; Lawrence and Lelieveld , 2007;  
Kondo et al., 2007; Stone et al., 2013; 
Ho et al., 2015 
 

Pacific ocean Physical and chemical and 
radiative properties 

Quinn et al., 2000; Huebert et al., 
2003; Jacob et al., 2003; Russo et 
al., 2003 

 
 

Atlantic ocean Physical and chemical and 
radiative properties 

Fishman et al., 1992;O’Dowd and 
Smith, 1993; Bates et al., 2001; 
Raes et al., 2000b; Russell et al., 
1999; Williams et al., 2007 
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Chapter 2 

Experimental Techniques and Data 

 

2.1 Introduction 

Chapter 1 presented an overview of the physical, chemical and optical/radiative 

characteristics of atmospheric aerosols along with their sources, sinks, production and 

removal mechanisms. The need for the studies on aerosol characteristics with a holistic 

approach also has been highlighted. To achieve this, systematic monitoring and 

measurements of aerosols with reasonable spatial and temporal resolutions using multi-

instrumental methods are essential. This thesis is based on the in-situ measured, near-

surface properties of aerosols as well as satellite-retrieved aerosol parameters. 

Measurement of near-surface aerosol number density-size distribution (NSD) has been 

carried out using a high resolution Aerosol Spectrometer and for the estimation of the 

aerosol mass concentration or loading a well-perceived sampling technique was used. 

The collected aerosol samples were analysed for the major chemical species by making 

use of state-of-the-art analytical techniques. The principle of operation of the aerosol 

spectrometer, sampler and the instruments used for chemical analysis along with their 

technical details are discussed in this chapter. The columnar aerosol data from the 

satellite-borne instrument, the MODerate resolution Imaging Spectrometer (MODIS) 

on board Aqua and Terra satellites were also utilized in this work. A brief account of 

the technical specifications and the retrieval methodologies of MODIS are also 

presented in this chapter. This is followed by short notes on the supplementary data 

namely the meteorological parameters, NCEP-NCAR reanalysis data and air mass 

back-trajectories used for the interpretation of the observed aerosol features in the 

present analysis. 

 

2.2 Physical characterisation of aerosols 

The major physical characteristics of the aerosol system examined in this work 

include the number density, size distribution and mass loading. Formed from a variety 

of sources, aerosols are polydisperse in nature existing in a wide spectrum of sizes with 

varying number densities. The aerosol number density and size distribution 

measurements form a crucial component in aerosol science. In the present study, the 

aerosol size distribution measurements are carried out by using an Aerosol 

Spectrometer and the mass loading measurements by gravimetric analysis of aerosol 
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samples, collected by a High Volume aerosol Sampler. The principle of operation, 

calibration and other technical details of these instruments are described in the 

following sections. 

 

2.2.1 Aerosol spectrometer 

The aerosol Number density -Size Distribution is measured by using an Aerosol 

spectrometer (Model 1.108 of GRIMM Aerosol Technik GmbH & Co. KG, Germany) 

which is basically an Optical Particle Counter(OPC).The aerosol spectrometer is a 

compact portable device which has been built for continuous measurement of airborne 

particles.This instrument operates at 15 size channels with cut-off diameters >0.3, >0.4, 

>0.5, >0.65, >0.8, >1, >1.6, >2, >3, >4, >5, >7.5, >10, >15 and >20µm to provide size-

segregated number density in real time (http:/www.grimm-aerosol.com). It measures 

the aerosol number density at regular intervals of 5min and is capable of particle counts 

up to 2x106particles l-1.The instrument consists of (i) an aerosol inlet (ii) an optical 

bench with an integrated laser (iii) a sampling pump providing constant airflow (iv) 

particle sizing and characterizing circuit (v) a digital board for data conversion, 

processing storage and export (vi) a serial port. A photograph of the Aerosol 

spectrometer used in the present work is shown in Figure 2.1.The technical details of 

the instrument are listed in Table2.1. 

 

Figure 2.1.Aerosol Spectrometer model 1.108 of GRIMM. 

 

2.2.1.1 Principle of operation of aerosol spectrometer 

The aerosol spectrometer works on the principle of scattering of light by single 

particle [Grimm and Eatough, 2009]. The schematic diagram in Figure2.2 illustrates the 

working principle of the instrument. This consists of a high-intensity light source, a 

controlled air flow and highly sensitive light gathering detector. Air sample is drawn 

into the unit through an air inlet (sampling head) using an internal volume-controlled 

pump operating at 1.2litre min-1. The air sample enters perpendicular to the path of the 

focused light beam and the scattered signal is detected using a high-speed detector. An 
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internal flow controller maintains a constant airflow through the instrument. The 

sample air then passes through a particle filter after leaving the optical chamber which 

can be used for gravimetric or chemical analysis. 

 

 

Figure 2.2. Schematic diagram for measurement principle of the Aerosol Spectrometer. 

 

Figure 2.3 shows the assembly of the laser-based measuring chamber. The light 

source is a laser diode of wavelength 780nm and the beam then passes several 

collimator lenses, to get a wide, beam of light. 

 

 

Figure 2.3.Optical bench with integrated laser of the Aerosol Spectrometer. 

 

The sample air with particles of varying sizes is passed continuously through 

this laser beam and the scattered signal from each particle is detected. The detector is a 

high speed photo diode which is positioned right angle to the incident laser beam. This 

scattered light is collected by a mirror in a given angle and focused to the detector. This 

optical alignment increases the scattered light collected by the detector and optimizes 

the signal-to-noise ratio. Therefore even very small particles down to 0.3μm can be 

detected. In accordance with the Mie theory, each measured pulse height is directly 

proportional to the particle size. The pulses from the photo detector are sent to a Pulse 
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Height Analyzer (PHA). The PHA examines the magnitude of the pulse and places its 

value into an appropriate sizing channel, called the size bin and then counts it. The bins 

contain data about each pulse and this data is correlated to particle sizes. Each signal is 

amplified, counted and classified in 15 different size channels by an integrated pulse 

height analyzer. These counts are recorded at intervals of 6secs. The built-in software 

generates the aerosol number size spectrum averaged for a fixed time period (which is 

selected as 5mins for the present study). The particle counts can be displayed and are 

also stored in a data card and can be transferred to computer via the RS 232 for further 

analysis.  

Parameter Specifications 

Size bins 15 

Particle cutoff 

diameter (µm) 

>0.3,>0.4,>0.5,>0.65,>0.8,>1.0,>1.5,>2,>3,>4 

,>5,>7.5,>10,>15 and >20µm 

Particle count 1 to 2,000,000 particles litre-1 

Light source  Laser diode (780nm) 

Sensitivity 1particles litre-1 

Flow rate 1.2litrem-1 

Operating 

temperature                  

4 to 45° C 

 

Table 2.1. Technical specifications of Aerosol spectrometer (model GRIMM1.108). 

 

At the beginning of each measurement, when the instrument is switched ON, it 

initiates a self-test, which last approximately 30 seconds. Here all optical, pneumatical, 

and electronic components are being checked. Afterwards the actual measurement starts 

and the LCD-display shows the measured aerosol number density continuously every 

six seconds. All actions of the instruments are activated and controlled through 

GRIMM’s 1.174 software. 

 

2.2.1.2 Calibration of OPC 

The particle size detection and counting are calibrated with traceable NIST-

certified (National Institute of Standards and Technology) mono disperse latex spheres 

(operation manual). In this procedure, the equivalent diameters of optical latex spheres 

are measured. The size channels are related to electronic thresholds. The scattered light 

from the single particle is collected by a mirror in a given angle and focused to the 
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detector (Figure 2.3). The photons collected by the detector will give a raw-signal 

which will be amplified and classified in a particle size channel. From this the number 

concentration and size of the particles are measured. Based on these measurements and 

the known characteristics of the calibration source, the instrument is calibrated. 

Instrument calibration is done periodically by the manufacturer. 

 

2.2.2 High Volume aerosol Sampler 

 A High Volume aerosol Sampler (HVS) Model GH 2000 of Graseby 

Anderson, USA was used for aerosol mass loading measurements (Figure 2.4). It has 

the advantage of providing sufficient sample for both gravimetric and chemical 

analysis. Samples were collected on pre-conditioned quartz fibre filter (collection 

substrate) and analysed gravimetrically to estimate the aerosol mass loading.  

 

 

 

Figure 2.4.High Volume Sampler, model GH 2000 of Graseby Anderson. 

 

2.2.2.1 Principle of operation of HVS 

The sampling is based on the principle of impaction of aerosols on substrates by 

aspiration, the process by which particles are drawn from ambient air through an 

opening called orifice by using a built-in vacuum pump. Air carrying particles passes 

through an orifice and air flow bypasses a solid object (i.e., a collection substrate) 

perpendicular to the orifice axis. While the air diverges to bypass the obstacle, the small 

particles will do the same. But large particles would tend to leave the streamlines and 

continue travel in the direction of their initial motion and get impacted and collected on 

the intervening collection media. The details of this mechanism are given in Chapter 1. 

The aspiration efficiency (EA) may be defined as [Harrison and Van Grieken, 1998], 

�� =
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which determines the efficiency with which particles are drawn through the 

inlet. 

 

2.2.2.2 Instrument Details 

The aerosol sampler comprises of (1) a sampling head /inlet, (2) a transmission 

medium or collection substrate, (3) a calibrated flow control unit, and (4) a pump. The 

schematic diagram of a single stage HVS is given in Figure 2.5. 

 

Figure 2.5. Schematic block diagram of a High Volume aerosol Sampler. 

 

The HVS used for this study, has the inlet and the transmission medium built 

into a single sampling head in order to avoid particle losses to the internal walls of the 

transmission pipe. The sampling inlet is omni-directional and has performance 

independent of wind speed. The collection substrate used is quartz fiber filter. The 

fibrous filters have the advantage of providing in-depth particle collection and hence 

high load carrying capacity. Collection efficiency is close to 100% for particles of most 

size ranges and in the present study the sampler collects particles of size down to 

0.01µm as estimated from the filter characteristics and air flow rate by the 

manufacturer. 

In view of large variability in aerosol composition, aerosol sample need to be 

collected over short time span (i.e., 2-6 hours) and hence high flow rates are required to 

collect sufficient mass of particles. The pump employed in this sampler operates at a 

flow rate of 20 Cubic Feet per Minute which is continuously monitored by a flow 

monitor (rotameter) attached to the sampler. The sampler is periodically calibrated 

using the calibration equipment supplied along with the sampler as explained below. 

 

2.2.2.3 Calibration of HVS 

The calibration equipment of HVS (shown in Figure 2.6) provided along with 

the sampler by the manufacturer consists of a cylindrical hollow tube both ends having 

four orifices of equal diameter of ~1.5cm. This cylinder has a circular orifice plate 

having four identical orifices which moves on the top of the side, which is connected to 

HVS. By means of a knob fixed at the other end of the hollow cylinder, the orifices can 

be opened or closed and flow can be controlled. When the orifices of the plate overlap 

with orifices of cylinder, the calibrator is fully open. On one side of the calibrator, there 
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is a small vent acting as a pressure tap for the manometer used for measuring the 

pressure drop. The manometer is filled with water and water levels adjusted to read 

zero. A filter paper is mounted on HVS and the instrument is switched on. The flow 

rate reading is noted from the attached rotameter. Then, the filter holder of the HVS is 

removed and the calibrator in fully open position is attached. The pressure tap on one 

side of the manometer is connected to the calibrator and the other tap of the manometer 

is left open to the atmosphere. 

 

Figure2.6.Schematic diagram of calibrator attached to HVS. 

The HVS is switched on again and the knob of the calibration equipment is 

adjusted till the rotameter shows the same reading as that with the filter mounted. The 

difference in water level in the manometer is noted as ΔH. The actual flow rate, Qa is 

estimated as, 

�� =
�
∆�	�

�

�′ −
�

�′

′
              2.1 

 

where T and P are the ambient temperature (in Kelvin) and pressure (mm Hg) 

and a' and b' are the slope and intercept obtained from the calibration curve of the 

equipment provided by the manufacturer as 0.99 and -0.017 respectively. Generally, 

ΔH is measured as ~1.27inch and the flow rate estimated as ~0.6m3min-1.  

 

2.2.2.4 Sampling and estimation of aerosol mass concentration 

Quartz fibre filters of 4” (110mm) diameter (Whatman QMA 4) were used as 

aerosol collection substrate/filter medium in the present study. These are pre-

conditioned before sampling. First step in pre-conditioning is heating the substrates to 

100° C in an electric oven for about three hours to remove moisture and any volatile 
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impurity and then desiccating for 24hours. Each filter is then tare-weighed using a 

microbalance (Model AT 20, Metler Toledo, Switzerland) having sensitivity of ±2µg 

and loaded into the sampling head of the HVS. The sampler is operated for a fixed 

duration of time, typically ranging from 2 to 6hours depending on the location of 

sampling (i.e. aerosol loading in the atmosphere). The sampling time is adjusted such 

that sufficient aerosols mass is collected for chemical analysis and also to avoid bounce 

off of particles. After operation/sample collection, the substrate is again desiccated and 

weighed under same laboratory conditions. The difference between the initial and final 

weights gives the mass of aerosols collected on the filter (ma) during the sampling 

period (t). Product of flow rate and sampling time gives the total volume of air sampled. 

Hence the aerosol mass loading (ML) in µg m-3 is estimated as, 

    �� =
��

�×��
     2.2 

Where Qa is the flow rate of the sampler. 

 

2.3 Chemical characterisation of aerosols 

The aerosol samples collected using the HVS are subjected to chemical analysis 

to identify and quantify the various chemical species present in them. Distinctly 

different analytical techniques are used to quantify the chemical species. In the present 

study, the following techniques were employed: 

(1) Ion Chromatography (IC) for water soluble anionic species SO4
2-, NO3

-, NO2
-, Cl-, 

PO4
-, F-, Br-,and cationic species Na+, K+, Ca2+, Mg2+ and NH4

+ 

(2) Inductively Coupled Plasma - Atomic Emission Spectroscopy (ICP-AES) for the 

acid soluble species Fe, Al, Zn, Pb, Co, Ni, Cu, Cr, Mn, etc. 

(3)Atomic Absorption Spectroscopy (AAS) for Na and K.  

(4) Auto titrator for bicarbonate. 

 

2.3.1 Sample handling and preparation 

For all the four techniques mentioned above, the samples need to be in liquid 

form and hence they are digested in appropriate media/solvent. One quarter of the 

sample laden substrate is extracted in 50ml of de-ionized water (Milli-Q with18MΩ 

resistivity) using ultrasonic digestion for 30min for the analysis of water-soluble ionic 

species using IC. Another quarter of the substrate is digested in 25ml of de-ionized 

water by vigorous shaking for the analysis of the highly volatile NH4
+. This sample is 

analysed immediately after preparation to avoid loss due to evaporation. Metallic 
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species which are not amenable to aqueous extraction are extracted with 3ml of Supra 

pure nitric acid (65%) and de-ionized water using microwave digestion. The aerosol 

sampling and preparation of samples for analysis were carried out with intense care to 

avoid contamination at all the stages. After collection, the sample-laden substrates were 

preserved in deep freezer till chemical analysis. Only teflon wares were used for 

storage and preparation of samples for analysis. The samples were prepared under a 

clean air laminar flow bench to ensure the clean environment and avoid contamination. 

 

2.3.2 Ion Chromatography 

Ion chromatography is an analytical technique of separating water-soluble ions 

(positively or negatively charged) from a solution in a relatively short time using a 

stationary phase. Generally, the stationary phase comprises of (a) the charged groups 

which are involved in the ion exchange process and (b) the matrix on which the charged 

groups are fixed. Ion exchangers are called cation exchangers if they have negatively 

charged functional groups and possess exchangeable cations. Based on this, there are 

two types of ion chromatography, namely, (1) anion exchange chromatography used to 

measure negatively charged ions and (2) cation exchange chromatography used to 

measure positively charged ions. The stationary phase for IC is usually in the form of a 

cylindrical column in which an ion-exchange material is uniformly packed and retained 

by means of porous frits located at each end of the column. Generally, the functional 

group used in anion chromatography is a quaternary ammonium group and for cation it 

is sulphonic acid groups. 

In addition to the stationary phase, the ion-exchange chromatography essentially 

includes a mobile phase called eluent. Eluents are usually prepared by dissolving 

buffers, acids or bases in aqueous solvent or in an aqueous–organic solvent mixture. 

The mobile phase carries the analyte mixture through the stationary phase or column 

and the IC system. The analyte ions and similarly charged ions of the eluent compete to 

bind to the oppositely charged ionic functional group on the surface of the stationary 

phase. The stationary phase interacts more strongly with some components in the 

solution than others. This results in components passing through the stationary phase at 

different rates, effectively separating them. In short, in Ion Chromatography, the 

separation of ions is achieved based on differences in the extent to which they are 

partitioned between the column and the eluent. 
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2.3.2.1 Chromatographic System 

The major components of an ion chromatograph are shown schematically in 

Figure 2.7. A pump delivers the mobile phase through the chromatographic system. The 

sample is injected into the system via a valve injector prior to the separator column. 

The sample injection hardware is designed to introduce a small volume (20µl) of 

sample into the ion chromatograph. Both manual and automated injection systems are 

available. The analytes (ions) are identified and quantified by a detection system. The 

most commonly employed detector in ion chromatography is the conductivity detector, 

which can be used with or without a suppressor system. The main function of the 

suppressor system as part of the detection unit is to chemically reduce the high 

background conductivity of the electrolytes in the eluent, and to convert the sample 

ions into a more conductive form.  

 

Figure 2.7. Schematic showing the major components of an Ion Chromatograph. 

 

2.3.2.2 Theory of chromatography 

As discussed earlier, the analyte ions and the ions of the eluent compete to bind 

to the oppositely charged ionic functional group on the surface of the stationary phase. 

Assuming that the exchanging ions are cations, the competition can be explained using 

the following equation [Fritz and Gjerde, 2009]: 

R-X-M++C+↔ R-X-C++ M+     2.3 

In this process the cation M+ of the eluent is replaced with the analyte cation C+ 

bound to the anion X- which is fixed ion exchange resin (R). In anion exchange 

chromatography, the exchanging ions are anions and the equation is represented as, 

R-X+A-+B-↔ R-X+B-+ A-     2.4 

The anion B- of the eluent replaced with the analyte anion A- bound to the 

positively charged ion X+ on the surface of the stationary phase. The adsorption of the 

analyte to the stationary phase and desorption by the eluent ions is repeated during their 

journey in the column, resulting in the separation due to ion-exchange. Various ions in 

the sample migrate through the column at different rates, get separated from each other 
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and hence enter the detector at different times. This process of separation of two 

components A and B is illustrated schematically in Figure 2.8. 

The equilibrium constant for the reaction 2.3 can be written as: 
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where the name of species enclosed in square brackets denote their molar 

concentrations. Rearranging yields 
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Figure 2.8.Illustration of the chromatographic separation of two components A and B. 

 

During elution, the aqueous concentration of C+ is much larger than M+. Also, 

the exchanger has large number of exchange sites with C+ ions relative to the number of 

M+ ions being retained. Thus the overall concentrations [RX-C+] and [C+] are not 

affected significantly by shifts in the equilibrium. Therefore the right hand side of the 

Equation 2.6 is essentially constant and can be approximated as, 
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Where K is a constant known as the distribution or partition coefficient, CS 

denotes the molar concentration of the sample solute ion in the stationary phase and CM 

denotes its concentration in the mobile phase. When K is large, a strong tendency exists 
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for the solid phase to retain B+, in which case the fraction of time spent by B+ in the 

solid phase will be large thereby slowing down its movement through the column. 

When K is small, the opposite condition prevails causing fast movement of the ion 

through the column. 

The results of this analytical technique are represented as plots of conductivity 

versus time referred as chromatograms. The presence of a particular species appears as 

a peak in the chromatogram. The area under the curve with this peak above the base 

line (which represents the conductivity of the eluent) is used for the estimation of the 

concentration of the particular species. The resolution (R) with which two sample 

components are separated in a column is expressed as the ratio between the two peak 

maxima to the mean value of the peak width at the baseline. 
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      2.8 

where tA and tB represents the retention times of components A and B 

respectively and WA and WB represents their base widths. 

 

2.3.2.3 Instrument Details  

For the present study, the water soluble anions F-, Cl-, Br-, NO2
-, NO3

-, PO4
2-, 

SO4
2-, and cations Na+, Mg2+, Ca2+, K+ and NH4

+ were analyzed using Ion 

chromatograph model DX-120 from Dionex, USA and Metrohm882 plus and 883 plus, 

Switzerland. The results obtained from these two instruments for same samples were 

compared and found to be in very good agreement (within 1% of deviation). DX-120 is 

equipped with two columns – one for the separation of anions (IonPac AS14) and the 

other for cations (IonPac CS12A). A 3.5mM solution of sodium carbonate (Na2CO3) 

along with a 1.0mM solution of sodium bicarbonate (NaHCO3) is used as eluent for 

anions and a 20mM solution of Methane Sulphonic Acid (MSA, CH3SO3H) as eluent 

for cations. A high pressure pump forces the eluent through the column at a typical 

flow rate of about 1ml min-1. The sulphonate functional groups (SO3
-H+) and the 

bicarbonate functional groups (H+CO3
-) attached to the polystyrene resins are used in 

DX-120, Dionex as the cation and anion exchangers respectively. The various cations 

elute out of the column in the order Na+, NH4
+, K+, Mg2+ and Ca2+ and the various 

anions in the order F-, Cl-, NO2
-, Br-, NO3

-, PO4
3- and SO4

2-. 

Metrohm 882 Plus is equipped with MetroSep C2cation column and 883 Plus 

with Metrosep A Supp 5 anion column. The sulphonate functional groups and 

quarternary ammonium groups are used as ion exchangers for cation and anion columns 
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respectively. A 1.0mM solution of sodium carbonate (Na2CO3) along with a 1.0mM 

solution of sodium bicarbonate (NaHCO3) and a 3mM solution of nitric acid (HNO3) 

are used as the eluents for anions and cations respectively. A pump flow of 0.7ml min-1 

is maintained for cation and 0.9ml min-1for anion. A PC based data acquisition system 

with necessary software is used along with the IC (PeakNet Chromatography 

Workstation for Dionex and MagIC Net for Metrohm). 

The photographs of the two ion chromatograph systems used in this study are 

shown in Figure 2.9. The analysis and calibration details are provided below pertain to 

Metrohm 882/883 Plus. 

       (a)                                            (b) 

        

 

Figure 2.9. (a) Ion Chromatograph model Metrohm 882 plus (Switzerland) for cation 

and 883 plus for anion with Auto Sampler (b) Ion Chromatograph Model DX 120, 

Dionex USA. 

 

2.3.2.4 Calibration and estimation of concentration 

Prior to the analysis of each set of sample, the ion chromatograph is calibrated 

with appropriate standards. Three point calibrations are adopted in the present study. 

Multi element standards of 1000ppm concentration from M/s Merck containing Na, K, 

Ca, Mg, SO4, F, Cl, NO3, NO2, Br, PO4 are appropriately diluted to make cation and 

anion standards of known concentrations, typically 0.2ppm, 2ppm and 5ppm. The IC 

system is allowed to run until a stable base line (~890µS cm-1 for cation and ~15µS cm-

1 for anion), corresponding to the suppressed conductivity of the eluent, is obtained. The 

standard solutions are then injected to the sample path one by one and the 

corresponding chromatogram is obtained. Figures 2.10a and b shows typical 

chromatograms obtained for an anion standard solution and cation standard solution 

respectively for 5ppm concentration. X axis is the retention time and Y axis represents 
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the measured conductivity in µS cm-1. The first large peak (not shown fully) in the 

chromatogram for cation standard corresponds to all the anions present in the sample 

which elute first. The quantitative analysis of different ions is obtained based on the 

area under each peak for the respective ion. Knowing the order in which the ions elute 

out, the peaks are assigned to specific ions and the area of the peak is assigned to the 

concentration of the standard solution. The tables accompanying the chromatograms 

give the retention times, peak area and concentration of the different ions.  

 

 

 

Peak 
number 

Retention 
time( min) 

Peak Area 
(μS/cm) x 
min) 

Peak 
Height 
(μS/cm) 

Concentration 
of 
standard(ppm) 

Ion 

1  3.4 1.49 9.0 5.000  Fluoride 

2  5.2 0.93 4.86 5.000 Chloride 
3  6.31 0.62 2.70 5.000  Nitrite 
4  8.12 0.39 1.4 5.000  Bromide 

5  9.4  0.49  1.6 5.000  Nitrate 
6  12.48  0.25  0.66 5.000 Phosphate 
7  14.47 0.64 1.56 5.000 Sulphate 

 

 

Figure 2.10. (a) Typical chromatogram along with the table of relevant 

parameters for quantification of anion standards. The name of ion and its time of 

elution are given above each peak.  

Anion Standard 
(a) 
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Peak 
number 

 Retention 
time( min) 

Peak Area 
(μS/cm) x 
min) 

Peak 
Height 
 (μS/cm) 

Concentration 
of 
standard(ppm) 

Ion 

1 4.29  2.0896 0.489  5.000  Sodium 

2 6.09  1.1102  .549  5.000  Potassium 

3 12.22 3.3982  3.857  5.000  Calcium 

4 15.47 2.5090  2.443  5.000  magnesium 

 

Figure 2.10. (b) Typical chromatogram along with the table of relevant 

parameters for quantification of cation standards. The name of ion and its time of 

elution are given above each peak. 

 

 Once the system has been calibrated, the sample solution (prepared as 

detailed in section 2.3.1) is injected into the IC in the same manner and the 

chromatograms are obtained. Ions in the samples are identified by comparing their 

retention time with that of the standards and the concentration of each ion is quantified 

by the respective peak area. Blank filters are also analysed following the same 

procedure and the concentration of each of the ions present in the blank filter is 

subtracted from the estimated mass concentrations in the sample solution. The details 

are discussed in section 2.3.4.4. Figure 2.10 c and d shows the chromatograms of 

anions and cations respectively in the sample and the tables below give the details of 

respective ions analysed. 

 

 

Cation Standard 

(b) 
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                                                                         Sample

 

Peak 
number 

 Retention 
time ( min) 

Peak Area 
(μS/cm) x min) 

Peak Height 
(μS/cm) 

Concentration 
(ppm) 

Ion 

1 4.4 
 

0.9198 
 

4.216 
 

2.197 
 

Sodium 

2 6.37 0.1029 0.237 0.465  Potassium 

3 12.3 
 

0.2704 0.336 0.395 Calcium 

4 15.16 
 

0.7491 0.581 1.467 magnesium 

 

 

 

 

 

 

(c) 

(d) 
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Peak 
number 

 Retention 
time ( min) 

Peak Area 
(μS/cm) x min) 

Peak Height 
(μS/cm) 

Concentration of 
standard (ppm) 

Ion 

 3.44 0.037 0.15 0.05  Fluoride 

 5.25 0.75 3.88 4.1 Chloride 

 9.48 
 

0.19 0.6 1.9  Nitrate 

 12.48 
 

0.005 0.016 0.01 Phosphate 

 14.48 
 

0.32 0.78 2.44 Sulphate 

 

 

Figure 2.10. (c)Ion chromatograms along with the table of relevant parameters 

obtained for cations and (d) ion chromatograms along with the table of relevant 

parameters obtained for anions, of a sample collected over Thiruvananthapuram. 

 

2.3.3 Inductively Coupled Plasma-Atomic Emission Spectroscopy (ICP-

AES) 

Inductively Coupled Plasma-Atomic Emission Spectroscopy (ICP-AES) is one 

of the most common analytical techniques used for elemental analysis. Its high 

sensitivity, specificity, multi-element capability and good detection limits favour the 

use of this technique in a variety of applications.  

2.3.3.1 Principle of operation of ICP-AES 

The atomic emission spectroscopy technique is based on the fact that excited 

atoms emit energy at a wavelength characteristic of the particular atom as they return to 

ground state. This process can be illustrated as follows: 

M +energy →M* →M + E     2.9 

where, M and M* represent the atom in the ground state and excited state 

respectively and E the excitation energy (or the difference in energy between ground 

state and excited state of the atom) given as, 

  E = hν =hc/λ       2.10 

where, his Planck’s constant, and ν is the frequency of the radiation, c is the 

speed of light and λ is wavelength at which emission takes place. 

Every element has its own characteristic set of energy levels and thus its own 

unique set of emission wavelengths. This property makes atomic emission spectrometry 

useful for element-specific analytical techniques. In addition to this transition, other 

transitions from higher to lower energy levels are also possible, resulting in more than 

one emission wavelength for an element. The most sensitive and interference free 

wavelength among the multiple wavelengths emitted by an element is used for the 
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estimation of concentration. The intensity of the radiation emitted at the chosen 

wavelength is proportional to the concentration of that element in the sample. 

To produce strong atomic emission from atoms/elements it is necessary to attain 

considerably high excitation energy which is not available from simple flames. For the 

excitation, ICP-AES uses high temperature inert-gas plasma, in this case Argon plasma, 

with temperature in the range of 7,000K to 10,000K. It is a very effective medium for 

volatilization, atomization and excitation of atoms. The aerosol sample is introduced 

into the plasma as droplets.  

 

2.3.3.2 ICP-AES: Instrument Details 

ICP-AES, model Optima 4300V of Perkin Elmer, was used for the present study 

to quantify the metallic species in aerosols. The ICP-AES system is consist of five basic 

components, namely, (1) Plasma source (ICP torch), (2) Nebulizer, (3) Polychromator, 

(4) Detector, and (5) Data Acquisition System, as shown in the schematic diagram in 

Figure 2.11. 

 

 

Figure 2.11. Schematic of Inductively Coupled Plasma-Atomic Emission Spectrometer 

 

In ICP-AES, the excitation of atoms is provided by an inductively coupled 

plasma source, commonly known as the ICP torch, a schematic of which is shown in 

Figure 2.12.It consists of three concentric quartz tubes through which streams of argon 

flow at a rate of 15litre min-1. Surrounding the top of this tube is a water-cooled 

induction coil that is powered by a radio-frequency (RF) generator, producing 1500W 

of energy at ~40MHz. Ionization of the flowing argon is initiated by a spark from a 

Tesla coil. The resulting ions, and their associated electrons, interact with the 

fluctuating magnetic field produced by the induction coil. This interaction causes the 

ions and electrons within the coil to flow in closed annular paths as depicted in the 

figure. The resistance in this movement results in Ohmic heating. The temperature of 

the plasma formed is so high that it requires thermal isolation from the outer quartz 
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cylinder, and this is achieved by flowing argon tangentially around the walls of the 

tube. This tangential flow cools the inside walls of the centre tube and confines the 

plasma radially.  

 

 

Figure 2.12. Schematic of an ICP Torch 

Parameter Specifications 

Principle Atomic emission 

Excitation source Plasma (Ar gas) 

RF power 1500W 

Temperature attained 6000 – 10000K 

Sample flow rate 1.5mlmin-1 

Plasma flow rate 15litre min-1 

Plasma viewing radial 

Polychromator Echelle grating 

Detector 2D Charge Coupled Device (CCD) 
Wavelength range 165 – 782nm 

Sensitivity 0.02 – 10ppb 

Resolution 0.006nm 

Table 2.2. System specifications of ICP-AES model Perkin Elmer Optima 4300V. 

 

In addition to this, the instrument is equipped with a spray chamber and a 

nebulizer. The ICP-AES has the capability of simultaneous measurement of ~72 

elements with the emission wavelengths in the range of 165-782nm with a resolution of 

0.006nm. The sample intake rate is kept at 1.5ml min-1.The sample to be analyzed 

should be in liquid form and to be divided in to fine droplets and this is achieved 

through a nebulizer which uses pneumatic forces to break up the sample liquid into fine 

droplets. Method of preparation of liquid samples is discussed in section 2.3.1. 
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The temperature in the analytical zone of the plasma ranges from 6000 to 10000 

K, and the samples reaching the zone are completely atomized. The plasma emits a 

continuum of background radiation, extending from ultraviolet to visible region, which 

excites the atoms. The characteristic radiation emitted by the excited atoms is isolated 

with the help of Echelle gratings used as a polychromator and detected by an advanced 

Segmented Charge Coupled Device (SCCD). Detailed technical specifications of the 

system are summarized in Table 2.2. In the present study ICP-AES is used for the 

quantitative analysis of the metallic species Al, Ca, Cr, Cu, Fe, Mg, Mn, Pb, Ti, and Zn. 

The sensitivity of the instrument depends on the species and ranges from 0.02ppb to 10 

ppb. 

 

2.3.3.3 Calibration of ICP-AES and estimation of concentration 

For the quantitative analysis of the aerosol sample and determination of 

elemental concentration, the system is to be calibrated. Calibration is done before and 

after each set of analysis. The calibration standards used were prepared from ICP grade 

standard solution of Perkin Elmer make QC21,comprising of 21 elements which 

includes Fe, Cu, Mn, Cr, Ni, Pb, Ca, Mg, Zn, Ti and Aldrich make single element 

standard for Al and Si. Here also, multi-point calibration is adopted with standards 

having concentrations 0.1, 1.0 and 10ppm. Before giving samples these standards are 

analysed and the corresponding emission intensities at the characteristic wavelength are 

noted. Calibration curve is plotted with intensity against known concentrations (a 

typical calibration curve obtained for Fe is shown in Figure 2.13). Subsequently, the 

sample is aspirated, emission intensity is measured and the concentration corresponding 

to this intensity is determined based on the calibration curve. 

 

Figure 2.13. Calibration curve obtained for Fe using ICP-AES. 
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Figure 2.14. ICP-AES model Perkin Elmer Optima 4300V. 

 

2.3.4 Atomic Absorption Spectroscopy (AAS) 

Atomic Absorption Spectroscopy is a spectrometric technique based on the 

measurement of the wavelength-specific absorption of radiation by free non-ionized 

atoms in the gas phase. In the present study, the two major ions Na and K in the acid-

digested samples are quantified using AAS since they get volatilized at the very high 

temperatures encountered in ICP-AES. It is to be noted that the water soluble ions Na+ 

and K+ are analysed using IC.  

 

2.3.4.1 Principle of AAS 

Atom in ground state absorbs light energy of a specific wavelength and gets into 

the excited state. In AAS, the probing beam of electromagnetic radiation of wavelength 

l from a source passes through the observing volume where it is absorbed by the 

atoms. The energy (E) absorbed corresponds to the energy gap between the ground 

state (E0) and the excited energy level (E1) is given as  

E = E1 - E0=h     2.11 

The characteristic wavelength (λ) of absorption is given as  

λ=hc/E       2.12 

where c is the speed of light. 

The absorption that takes place in an atomic absorption system follows Beer's 

law, given as, 

� = ���
��      2.13 

where 
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I= intensity of radiation after passing through the medium (aerosol sample in 

this case) 

I0 = intensity of incident radiation falling on the sample and A is absorptance 

which is proportional to the concentration of the absorbing species as depicted by the 

equation 

   lC
I

I
A  0log

     
2.14 

 is the absorption coefficient, l is the path length through the sample and C is 

the concentration of the species in the sample, which is quantified from the measured 

intensity I. 

 

2.3.4.2 Instrument Details 

Figure 2.15 shows the schematic of an Atomic Absorption Spectrometer. The 

Atomic absorption spectrometer essentially comprises of (1) Light/radiation source (2) 

Atomizer (Nebuliser-burner system) (3) Monochromator (4) Detector and (5) Data 

Acquisition System. The source of light is a hollow cathode lamp which contains a 

tungsten anode and a cylindrical hollow cathode emitting the characteristic line 

spectrum of the element to be analysed. To transfer the analyte to free atoms an 

atomizer consisting of a nebuliser-burner system is utilized.  

 

Figure 2.15. Schematic of Atomic Absorption Spectrometer. 

 

This unit produces gaseous metal atoms by using a suitable combustion flame. 

The flame is produced by a fuel gas – oxidant gas mixture, in this case acetylene is used 

as the fuel, paired with air as the oxidant to attain temperatures in the range 2100°C to 

2400°C. The atoms absorb their characteristic radiation emitted from the light source 

and get excited to higher energy levels. This absorption will cause a reduction in the 

intensity of radiation coming out of the chamber. By measuring the amount of radiation 

absorbed, a quantitative determination of the amount of analyte can be made as 

discussed above. The monochromator is used to select the specific wavelength of 
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radiation i.e. spectral line – which is absorbed by the sample, and exclude other 

wavelengths. The radiation selected by the monochromator is directed into a detector. 

A photomultiplier tube is used to detect the intensity of radiation from which the 

concentration of the atoms (Na and K in the present analysis) can be estimated.  

 

Figure 2.16.AAS model Varian Spectr AA 250 plus. 

 

A computer-based data acquisition system is used to generate the absorption 

intensity versus wavelength curve for each of the atomic species. In the present study, 

characteristic wavelength of 589nm for Na and 766.5nm for K were used for the 

quantification of Na and K. Figure 2.16 shows the photograph of AAS model Varian 

Spectr AA 250 plus used in the present study.  

 

2.3.4.3 Calibration and estimation of concentration 

Multi-point calibration of the instrument is carried out using solutions of known 

concentrations obtained by appropriate dilution of standard solutions (from Merck). For 

this, standard solutions of concentration 0.1, 1.0 and 1.5ppm of each element or atom to 

be quantified are injected into the instrument and a calibration curve is generated. The 

sample solution is fed into the instrument and the unknown concentration of the 

element is determined based on the calibration curve.  

 

2.3.5 Estimation of blanks and error estimation 

As the samples are collected on the filters, it is possible that filter artefacts are 

present in the form of species measured by the above mentioned techniques. In order to 

avoid this, blank substrates (kept in ambient conditions) are digested and analysed 

along with each set of sample following the same procedure as done for the sample. 

With each set of sample, minimum of 2 blanks were also analysed and the mean of the 
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estimated concentration of the respective atoms in the blank is subtracted from those 

obtained for the sample. This procedure also enables to nullify the errors in the 

estimation procedure. Table 2.3shows the mean blank values along with standard 

deviation obtained for different water-soluble and acid-soluble species using different 

techniques.  

In addition to the errors arising due to the filter artefacts as discussed above, 

other experimental errors and uncertainties also arise in the estimation of total aerosol 

total mass concentration as well as mass concentration of individual chemical species. 

The mass measurements were done using microbalance with sensitivity of ±2µg. The 

mass of aerosols collected during the sampling is of order of few milligrams and the 

aerosol mass collected is estimated by subtracting the mass of blank substrate from that 

of the sample-laden one. The maximum uncertainty of 4µg can be attributed to each 

measurement. In this condition, for minimum aerosol mass of 1mg the maximum error 

is of the order of ~10-4%. 

 

Water-
soluble 
species 

Mean 
(ppm) 

Stddev 
(ppm) 

Acid-
soluble 
species 

Mean 
(ppm) 

Standard 
deviation 
(ppm) 

F- 0.05 0.03 Al 0.2 0.03 

Cl- 0.4 0.03 Ca 0.5 0.1 

Br- 0.00 0.00 Cu 0.02 0.01 

NO3
- 0.05 0.02 Fe 0.1 0.02 

PO4
3- 0.1 0.01 K 0.08 0.04 

SO4
2- 0.3 0.05 Mg 0.09 0.04 

Na+ 0.5 0.2 Mn 0.008 0.003 

NH4
+ 0.3 0.03 Na 2.4 0.2 

K+ 0.09 0.02 Pb 0.03 0.01 

Mg2+ 0.01 0.0 Ti 0.003 0.001 

Ca2+ 0.01 0.0 Zn 0.02 0.01 

 

Table 2.3.Mean and standard deviations of blank concentrations obtained for different 

water-soluble and acid-soluble species. 

 

Collection efficiency of 98% is given by the manufacturer for the type of filter 

used (quartz fibre, Whatman QMA4). Another artefact with chemical analyses arises 

due to the uneven distribution of samples on the collection medium. To confirm this, 

the sample-laden filter is cut into 4 quarters and analysed independently for various 

species and the results showed a variation of <1%. The errors in the chemical analysis 

depend basically on the sensitivity/lower detection limit of the instrument and the 

amount of various species present in the blank. To account for this, 2-3 blanks are 

analyzed along with each set, and subtracted from the total mass concentration of 
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respective species (sample + blank). The mean concentrations of individual species in 

the blanks are around 2 to 5% of the minimum concentration collected on substrates for 

all species except for those like SO4
2-, NO3

-, Mn, Pb, and Zn and also for Na, a major 

element in the blank. For these components the substrate blank at times exceeded 25% 

of the minimum concentration collected. The overall error estimated is ~9%. 

 

2.3.6 Auto Titrator 

In this work, bicarbonate measurements are made using an auto titrator. 

Titration is an analytical technique which allows the quantitative determination of a 

specific substance (analyte) dissolved in a sample. It is based on a complete chemical 

reaction between the analyte and a reagent (titrant) of known concentration which is 

added to the sample. Autotitrator is an instrument which allows the automation of all 

operations involved in titration, like titrant addition, monitoring of the reaction, 

recognition of the endpoint, data storage, calculation and results storage. Automated 

titrators follow a defined sequence of operations performed and repeated several times 

until the endpoint or the equivalence point of the titration reaction is reached. For the 

estimation of bicarbonate, the 848 Titrino plus of Metrohm, Switzerland designed for 

volumetric titration is used. Figure 2.17shows the photograph of the autotitrator used in 

this study. 

 

 

Figure 2.17. Autotitrator, model 848 Titrino plus of Metrohm. 

 

The instrument supports three different titration modes: Dynamic equivalence 

point titration, Monotonic equivalence point titration and Endpoint titration, in this 

analysis, End point titration mode is adopted. With this automatic titrator, the sample is 

titrated until a predefined measurement pH value is reached, here pH=4.3. In the 

Equivalence point titration mode the end point is identified where analyte and reagent 
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(0.005M HCl) are present in equivalent amounts. The product of concentration and the 

titrant consumption gives the amount of substance which has reacted with the sample. 

 

2.3.7 Aethalometer 

The real-time measurement of black carbon (BC) carried out at the site by 

another group is also used in this work for chemical closure. A multi-wavelength 

Aethalometer (AE-41, Magee Scientific USA) operating on the principle of filter based 

optical attenuation technique [Hansen et al., 1984] is used for BC measurements. 

Aethalometer has an optical unit which consists of aerosol inlet, the optical source 

assembly, the light guides for the photo-detectors and the filter tape support. The light 

source is high intensity LED lamps operating at 370, 470, 520, 590, 660, 880, and 

950nm.A mass-flow meter is used for monitoring the sample airflow. 

An in-built pump sucks the ambient air at the flow rate of 5litre min-1 which 

passes through a fibrous filter tape on which aerosols get deposited. The instrument 

works on the principle of optical attenuation method, in which attenuation of a beam of 

light transmitted through the sample (BC) collected on the filter is measured. This 

attenuation is linearly proportional to the amount of BC deposited on the filter. If I0 is 

the intensity of light transmitted through the blank portion of the filter and I is the 

intensity of light transmitted through the portion of the filter on which the BC is 

deposited. The optical attenuation denoted as ATN is defined as, 

ATN = 100 * ln (I0 / I)    2.15 

Since the absorption of light by a broad band absorber such as BC is inversely 

proportional to the wavelength of the light used, for a given mass of BC, the optical 

attenuation at a fixed wavelength can be written as, 

ATN(λ) = (1/λ) * [BC]    2.16 

where [BC] is the mass of BC, and (1/λ) is the optical absorption cross-section 

that is wavelength dependent. Aethalometer measures the reference ATN values by 

passing the light through the blank filter (before sample collection).The change in 

attenuation (ATN) of incident radiation while passing through the BC deposited filter 

tape and reference measurement is converted to BC mass concentration (ng m-3) using a 

specific absorption cross section (16.6m2 g-1) of BC. Sensitivity of the instrument for 

the current configuration was 50ng m-3.  
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2.4 Satellite retrievals 

Satellite remote sensing is recognized as a potential tool for measurement of 

columnar (in unit column of the atmosphere) properties of aerosols with reasonable 

spatio-temporal coverage. Several payloads are in orbit for aerosol studies which 

include Stratospheric Aerosol and Gas Experiment (SAGE), MODerate resolution 

Imaging Spectrometer (MODIS), Ozone Monitoring Instrument (OMI), etc. In the 

present study, the columnar aerosol data of aerosol optical depth, mass concentration, 

Angstrom exponent and effective radius retrieved by MODIS is used.  

 

2.4.1 MODIS retrievals: an overview 

MODIS is a key instrument aboard the Earth Observation System’s (EOS)Terra 

and Aqua satellites (launched in December 1999 and May 2002, respectively). MODIS 

is a passive cross-track-scanning imaging radiometer making near-global daily 

observations of the earth in 36channels in the spectral range 0.41–14.235μm 

[Salomonson et al., 1989].The field of view (FOV) of the instrument is ±55
o 

from the 

nadir. Both satellites are in a sun-synchronous orbit, at an altitude of 700km, with Terra 

on a descending orbit (southward) crossing the equator about 10:30 local time, and 

Aqua on an ascending orbit (northward) over the equator about 13:30 local time. 

MODIS views the earth with a swath of about 2330km, along scan by 10km (at nadir) 

along track, thereby observing the globe daily, and repeat orbits every 16 days. Both 

Terra and Aqua MODIS are able to provide near-global coverage in 2 days, enabling 

comprehensive short and long-term studies of the Earth’s land, oceans, and atmosphere. 

Detailed specifications and information on components are available at 

http://modis.gsfc.nasa.gov which is referred in this study. A brief account of the 

principle of retrieval of aerosol parameters is given below. 

 

Band/Channel Wavelength 
 Band (µm) 

Spatial  
Resolution (m) 

1 0.620-0.670 250 

2 0.841-0.876 250 

3 0.459-0.479 500 

4 0.545-0.565 500 

5 1.230-1.250 500 

6 1.628-1.652 500 

7 2.105-2.155 500 

 

Table 2.4.Wavelength bands used in MODIS along with their spatial resolution. 
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The aerosol retrieval by MODIS makes use of seven wavelength bands in 

visible and near IR and bands in thermal IR are intended for getting information on 

cloud and other interfering parameters which need to be screened out [Li et. al., 2003]. 

Table 2.4 gives the list of these seven wavelength bands along with their spatial 

resolution. The spectral stability for each instrument is better than 2nm (0.002m). 

The MODIS algorithm uses the spectral reflectancerl, defined as a function of 

the satellite measured spectral radiance, Ll, the solar zenith angle (0), and the solar 

irradiance F0lin the wavelength band l given by [Remer et al., 2005], 

rl = �l
�

��� ���(��)
                            2.17 

 The surface reflectance is highly heterogeneous over the land and but it is 

more or less uniform over the ocean [Remer, et al., 2005]. Hence MODIS uses different 

algorithms over the land and the ocean. In this study, the aerosol parameters over the 

oceanic environment of Bay of Bengal (BoB) are used. 

The radiance measured by satellite comprises of solar radiation reflected from 

the earth’s surface as well as radiation scattered by the atmosphere in the direction of 

the sensor. For retrieving atmospheric/aerosol parameters, surface contribution in the 

total radiance is eliminated. This process is very complex over land than that over 

ocean. After carrying out corrections for the effects of water vapour, ozone and carbon 

dioxide, the reflectance in all the six channels are organized into nominal 10km boxes 

corresponding to 20 by 20, or 400pixels for each box. If all pixels in the 10km box are 

identified as water pixels based on the reflectance, then ocean algorithm is used the 

details of which are given by Tanré et al.,[1997] and Remer et al.,[2005]. 

 

2.4.2 Aerosol Retrievals 

The raw file obtained from MODIS contains counts from sensor detectors which 

form the Level 1A data. Level 1B provides calibrated geolocated radiances or 

reflectances which along with cloud mask product and NCEP meteorological data go as 

input to the aerosol retrieval algorithm [Remer, et al., 2005]. The resulting geophysical 

products are designated as Level 2 data. The Level 3 data is the daily and monthly 

average products organized in 1°×1° latitude x longitude grids. MODIS aerosol 

algorithm consists of three sets of algorithms with separate assumptions about the 

earth’s surface and aerosol types observed. One is the Dark Target (DT) algorithm 

developed for vegetated land surfaces [Kaufman, et al., 1997] and second for remote 

oceans [Tanre, et al., 1997]. The third algorithm is known as Deep Blue (DB) 
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Algorithm [Hsu, et al., 2004; Hsu, et al., 2006] which was designed for the application 

over bright desert surfaces. Ocean and Land algorithms are totally separate but use 

similar techniques to derive aerosol properties. The algorithm takes a set of observed 

values at the Top of the Atmosphere (TOA) and tries to match with the values of Look 

Up Tables (LUT) which represents the atmospheric optical properties for a set of 

aerosol conditions.  

The primary MODIS retrieved aerosol products include, columnar spectral 

aerosol optical depth (AOD) at 550nm (550), the effective radius of the aerosol (Reff), 

and the fine (small) mode fraction of the total optical depth [Tanre´ et al., 1997; Remer 

et al., 2002; Ignatov et al., 2005]. The derived parameters include Angstrom exponent 

(α) and columnar aerosol mass concentration (Mc) in µg cm-2 [King et al., 1997; Remer 

et al., 2005]. In this study, we have used the MODIS Aqua Daily Level-2 data 

(MYD04_L2) of Collection 6 (C006) for AOD at 550nm (550), Mc, α, Reff and the 

small mode and large mode AOD retrieved over BoB during the study period as 

obtained from LAADS web page https://ladsweb.nascom.nasa.gov/data/search.html. 

The data has a spatial resolution of 10km × 10km. The estimation of these parameters 

are detailed in Levy et al. [2007].The error in AOD is estimated as =0.030.05 over 

ocean [Remer et al., 2008]. 

 

2.5 Supplementary data 

The source characteristics, removal mechanisms as well as transport processes 

of aerosols depend on the prevailing meteorological conditions and air-mass type. In 

this context, the real time concurrent measurements of meteorological parameters 

become essential. Knowledge on the prevailing air-mass type can be obtained by 

examining the air-mass back trajectories for the respective period and geographical 

location. In addition, the meteorological fields provided by reanalysis data also have 

been used in this study. A brief account of the measurement of the meteorological data 

and method of retrieval of air-mass back trajectories are given in the following 

subsections. A short note of the NCEP/NCAR reanalysis data used in this analysis is 

also given below. 

 

2.5.1 Meteorological data 

The meteorological data obtained from an Automatic Weather Station (AWS) of 

M/s Dynalab, Pune has been used in this work. It is an integrated system of 

meteorological sensors and data logger installed at the experimental site. The 
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meteorological sensors in the AWS include that of temperature, pressure, wind 

velocity, wind direction, humidity, radiation and rainfall. These sensors are mounted 

at~3m above the ground on a mini tower. The rainfall measurement is carried out using 

tipping bucket mechanism. The technical details of the sensors are summarized in Table 

2.5. 

 

Sensor Parameter Specifications 
 

Wind Speed Sensor  
Starting threshold 
Range 
Accuracy 

3-cup anemometer  
0.25ms-1 

0 ms-1 to 65ms-1 
Better than 0.5ms-1 

Wind Direction Sensor 
Resolution 
Range 
Accuracy 

Wind vane  
1° 
0° to 357° 
±3° 

Air Temperature Sensor 
 
Resolution 
Range 
Accuracy 

Platinum resistance 
temperature detector 
0.1° C 
-40° C to +60° C 
0.2° C 

Relative 
Humidity 

Sensor 
Resolution 
Accuracy 

Solid state capacitive sensor 
0.1%  
±3% of full scale reading 

Pressure Sensor 
 
Range 
Accuracy 

Stainless steel bellows 
coupled to a strain guage 
600 to 1100 millibars 
0.25% of full-scale reading 

 
Rainfall 

Sensor 
Resolution 
Range 
Accuracy 

Tipping bucket 
0.5mm 
1mm 
unlimited 

 

Table 2.5.The technical details of meteorological sensors on AWS. 

 

2.5.2 NCEP/NCAR Reanalysis data 

In order to investigate the effects of wind field and other meteorological 

parameters on aerosols, the NCEP/NCAR Reanalysis data is used. NCEP/NCAR 

provides several meteorological fields like pressure, temperature, Relative Humidity 

and wind components (u, v and w) at 2.5° × 2.5° resolution for 17 atmospheric pressure 

levels from 1000hPa to10hPa [Kistler et al., 2001; Kanlay et. al., 1996]. NCEP/NCAR 
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reanalysis uses a long term data base of several parameters including wind components 

by using a frozen state-of-the-art global assimilation system and a data base built from 

many sources including ground- based, ship-borne, balloon-based, aircraft-based and 

satellite-borne measurements from different countries and organizations [Kalnay et. al., 

1996]. The data collected from different sources are quality controlled and then 

assimilated using a data assimilation system, which is kept unchanged over the period 

of reanalysis. The data from NCEP/NCAR reanalysis are provided by NOAA through 

the websitehttp://www.esrl.noaa.gov/psd/data/ gridded/data.ncep.reanalysis. 

pressure.html. Since the present study focuses on near-surface aerosols or those 

confined within the lower troposphere, the reanalysis data of the lower level (at 925hPa, 

within boundary layer) is mostly used in the present analysis. The reanalysis data from 

NCEP used for the present study are uwind, vwind, temperature and Relative Humidity. 

 

2.5.3 Air-mass back trajectories 

Air mass back-trajectory analysis is a widely used tool for identifying the source 

regions of aerosols and trace gases [Hondula et al., 2010]. The HYbrid Single-Particle 

Lagrangian Integrated Trajectory (HYSPLIT) model is the most accepted one in this 

context. The model consists of a modular library structure with main programs for each 

primary application namely trajectories and air concentrations. For evolving the air-

mass back trajectories, gridded meteorological data, on a latitude-longitude grid or on 

one of three conformal (Polar, Lambert, Mercator) map projections, are required at 

regular time intervals. A Lagrangian model can compute air concentrations making use 

of two different assumptions namely puff model and particle model [Hurley, 1994]. In 

puff model, the source is simulated by releasing pollutant puffs at regular intervals. 

Each puff contains the appropriate fraction of the pollutant mass. The puff is advected 

according to the trajectory of its center position while the size of the puff (both 

horizontally and vertically) expands in time to account for the dispersive nature of a 

turbulent atmosphere. In addition to the advective motion of each particle, a random 

component to the motion is added at each step according to the atmospheric turbulence 

at that time. In this way, a cluster of particles released at the same point will expand in 

space and time simulating the dispersive nature of the atmosphere. In a homogeneous 

environment, the size of the puff (in terms of its standard deviation) at any particular 

time should correspond to the moment of the particle positions. The present hybrid 

approach, developed by Hurley, [1994], incorporates particle dispersion in the vertical  
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direction and puff dispersion in the horizontal. Regardless of which approach is used, 

stability and mixing coefficients need to be computed from the meteorological data. 

Once the basic meteorological data (velocity vectors u,v,w) have been processed and 

interpolated to the internal model grid, trajectories (the integrated advection term of a 

particle) can be computed. 

The advection of a particle or puff is computed from the average of the three-

dimensional velocity vectors for the initial-position P(t) and the first-guess position 

P'(t+Δt). The velocity vectors are linearly interpolated in both space and time. The first 

guess position is 

P'(t+Δt) = P(t) + V(P,t) Δt     2.18 

and the final position is 

P(t+Δt) = P(t) +0.5 [ V(P,t) + V(P',t+Δt) ] Δt              2.19 

The integration method given by Kreyszig, [1968] is used for trajectory analysis 

[Draxler, 1996].The model can be run interactively through the website or with the 

code executable with meteorological data downloaded to a computer. In this study, the 

air-mass back trajectory for a particular location is obtained online from the model run 

with location specific inputs like latitude, longitude, pressure level (altitude), time etc. 

These trajectories essentially trace back the path (during a given period) of the air-mass 

reaching the particular location and at a pressure level (height). Since the aerosol 

residence time is nearly one week in troposphere, the model is run for 7 days back-

trajectories (or for appropriate temporal scales) which helps in locating the source 

regions effectively. 

 

2.6 Optical Properties of Aerosols and Clouds (OPAC) model  

This work also addresses the radiative characteristics of the aerosols at the 

tropical coastal site Thiruvananthapuram and the surrounding oceanic regions based on 

the measured physico-chemical characteristics for the first time. This involves the 

estimation of the aerosol scattering coefficient, absorption coefficient, extinction 

coefficient, single scattering albedo and the phase function using the OPAC model. 

OPAC is a software package which provides the optical or radiative properties of 

atmospheric aerosols in the solar and terrestrial spectral range from 0.25 to 40m and 

for modelled aerosol types. 

 In OPAC, the properties of the clouds and aerosol components are given 

together with a FORTRAN program, which allows the calculation of optical parameters 

for any mixture of clouds and aerosol components. OPAC consists of two parts, first a 
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dataset which gives the microphysical and optical properties of 10 internally mixed 

aerosol components (and also for water/ice clouds, which are not discussed here since it 

is not used in this work) at 61 discrete wavelengths in the range 0.25 to 40µm and for 8 

values of relative humidity stored in ASCII files. The other part is a FORTRAN 

program which extracts data from this dataset and calculates the optical properties of 

mixtures of already stored aerosol components. Since aerosols originate from diverse 

sources, they are modelled as components with different compositions [Deepak and 

Gerber, 1983], each of them representing certain origin, that is, an internal mixture of 

all chemical substances that have a similar origin [Hess et al., 1998]. These components 

are externally mixed to form aerosol types.  

The major components described in OPAC are: (a) Water insoluble consisting 

mostly of soil and insoluble part of organic material, (b) Other Water soluble part 

consisting of sulphates, nitrates and organics, (c) the component Soot represents the 

absorbing black carbon particles characterized by high imaginary part of the refractive 

index, (d) Sea-salt particles are described with two components differing in size 

(accumulation mode and coarse mode), (e) Mineral aerosols produced from arid regions 

are described by four components (Nucleation mode, accumulation mode, coarse mode 

and mineral transported),Mineral transported is used to describe aerosol transported 

over long distances, and (f) Sulphates describe the stratospheric aerosols and those 

found in the Antarctic aerosols (not applicable in this study). 

Each component is characterized with lognormal distributions, number density 

N and density ρ. For aerosol size distributions, lognormal distributions defined by 

equation [Deepak and Gerber 1983] are applied for each aerosol component i 
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with rmi  and mi denoting the mode radius and standard deviation respectively. 

The software estimates the mass concentration integrated over the size 

distribution and normalized to 1 particle per cc of air. 10 aerosol mixtures are defined 

within the software by the mixing of various aerosol types. OPAC uses the aerosol 

mixtures as presented in the Global Aerosol Data Set GADS [Koepke et al., 1997], with 

respect to global distribution. Along with this, the user can also define new aerosol 

component by mixing various aerosol types relevant to the study region. This capability 

of the model is made use in this study. More details on the estimation of aerosol 

radiative characteristics are discussed in Chapter 3. 
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2.7  Principle Component Analysis 

To identify the sources of aerosols using the measured chemical composition 

data the technique of Principle Component Analysis (PCA) was utilized in this study. 

PCA involves a mathematical procedure that transforms a large number of (possibly) 

correlated variables into a smaller number of uncorrelated variables called principal 

components [Kline, 1994].  

 The mathematical technique used in PCA is called eigen analysis, which 

includes the solution for the eigen values and eigenvectors of a square symmetric 

matrix. In PCA, from a set of p variables a reduced set of m components or underlying 

factors are extracted that accounts for most of the variance in the p variables. These 

underlying factors are inferred from the correlations among the p variables. For making 

the interpretation of the factors that are considered relevant, different methods of 

rotation of the factors is employed. In the present analysis the orthogonal 

transformation method with Varimax rotation [Kaiser, 1958; Afifi and Clark, 1984] was 

made use. After varimax rotation each variable tends to be associated with one of the 

factors, and each factor represents only a small number of variables. The first principal 

component or factor accounts for as much of the variability in the data as possible, and 

each succeeding component accounts for the remaining variability. 
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Temporal changes in physical, chemical and 
radiative properties of near-surface aerosols at the 
coastal site Thiruvananthapuram: Changing 
sources and meteorology 

 

3.1  Introduction 

The optical and radiative properties of aerosols depend on their size distribution, 

chemical composition and the wavelength of interacting radiation. The vast diversity in 

the aerosol sources, sinks, transport and chemical transformations brings in large 

heterogeneity in the above properties demanding region-specific studies. Above all 

these, meteorology also plays crucial role in deciding the physical and chemical 

properties of aerosols at any location. Studies done world-wide have strengthened the 

database of aerosol characteristics and brought out important scientific results on their 

radiative, environmental and climatic impacts [Ramanathan et al., 2001; Lee et al., 

2003; Salcedo et al., 2006; Ramanathan and Carmicheal, 2008; Poschl et al., 2010]. 

Most of the regional studies focussed on the physical, chemical or radiative aspects of 

aerosols. Knowledge on chemical composition of aerosols is highly limited on regional 

scales and an integrated picture on their physical and chemical characteristics are 

scarce, particularly over Indian region. The present work is an attempt to bring out a 

comprehensive account of the physical, chemical and radiative properties of aerosols at 

the tropical coastal site Thiruvananthapuram based on simultaneous and collocated 

measurements. Earlier studies on aerosols at this location were based on ground-based 

multi-wavelength radiometry [Moorthy et al., 1991; Nair, 1993], in-situ measurements 

of near-surface mass concentration using quartz crystal microbalance [Parameswaran 

et al., 2004; Pillai and Moorthy, 2001], and aethalometer-based black carbon 

measurements [Babu, 2005]. Later, George et al., [2008] made a study on the inorganic 

chemical components in atmospheric aerosols at this location as measured during day 

time when sea-breeze (wind from sea to land) prevailed over the site. The present work 

is an extension of earlier studies, focussing on the physico-chemical properties of 

aerosols along with their radiative characteristics at this coastal environment. This 

study is based on the simultaneous measurement of (1) aerosol number density (2) 

number size distribution (3) mass concentration/loading and (4) chemical composition 

for a period of 2 years from 2011-2013 and the detailed analysis. Moreover, in this 
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work, the measurements carried out during day time (sea breeze regime) and night time 

(land breeze regime) were used to understand the role of mesoscale meteorology. 

The major studies carried out include (1) diurnal variation in the aerosol number 

density, size distribution and mass loading of aerosols and effect of mesoscale 

meteorology (2) role of synoptic meteorology in the seasonal characteristics of aerosol 

total number density, size distribution, mass loading and chemical composition (3) 

source characterisation using Principal Component Analysis (PCA) (4) association 

between size-resolved number density and chemical species in aerosols (5) estimation 

of radiative/optical characteristics of aerosols using the Optical Properties of Aerosols 

and Clouds (OPAC) model making use of the measured aerosol properties (6) 

approximate estimation of mean aerosol density and (7) decadal changes in aerosol 

characteristics at the location.  

 

3.2  Experimental Site and Meteorology 

 

Figure 3.1. Geographic location of the experimental site Thiruvananthapuram (TVM).  

 

Observational site Thiruvananthapuram (8.55ºN, 77ºE, 3m amsl), referred as 

TVM hereafter, is located on the west coast of India, ̴ 500m away from the coastline of 

Arabian Sea and on the southern tip of Indian mainland. The terrain is fairly flat, sandy 

and mostly free from thick vegetation, large scale agricultural and industrial activities. 

The city of Thiruvananthapuram is located ~10km due southeast of the experimental 

site whose north-northeast part is surrounded by moderately populated region. The 

population of the city is 3,307,284 [Census, 2011]. The location of the experimental site 

TVM in India is given in Figure 3.1. 
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TVM, being a tropical coastal location, experiences typical hot and humid (wet) 

tropical climate with moderate changes in the meteorological conditions. The most 

important synoptic meteorological phenomena acting at this region is the strong 

southerly/ south westerly winds and the extensive rainfall associated with the Asiatic 

monsoon, which sets in by the beginning of June and lasts till September [Asnani, 

1993; http://www.imd.gov.in]. 

 

Figure 3.2. Variation of monthly mean (a) temperature (b) Relative Humidity (RH) (c) 

Wind speed (WS) and (d) Rainfall recorded at 11:30hrs over the period 2011-2013 at 

the tropical coastal station of TVM. 

 

Figure 3.2a to c shows the mean monthly variation of the surface level 

meteorological parameters: temperature (T), Relative humidity (RH) and wind speed 

(WS) recorded at 1130 IST (close to noon) at the experimental location for the study 

period from 2011-2013. In Figure 3.2d is shown the mean variation of monthly total 

rainfall (RF) for the same period. The temperature varied in the range of 33°C to 38°C 

with maximum during March to May and minimum during June to September. RH 

ranges from 55% to 85% with minimum in months of December, January and February 

and maximum during June to September. The mean wind speed varied between 3ms-1 

and 8ms-1 over a year. In general, the months of December, January and February along 

with the month of March are characterized by weak rainfall which is less than 100mm. 

Monsoon rain onsets on Kerala coast generally by first week of June and extends till 

September with heavy rainfall and strong south-westerly winds with speeds often 

exceeding 10ms-1. Rainfall starts increasing from April onwards reaching peak in June-
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September (with year-to-year variation). About 70% of annual rainfall at this location is 

received during this period.  

 

 

 

    

 
Figure 3.3. Monthly average air flow patterns at 925hPa over the Indian subcontinent 
and the adjoining oceans during 2012 obtained from NCEP/NCAR Reanalysis. 
 

The typical monthly mean wind (airflow) pattern over the Indian subcontinent 

and adjoining oceans in the 0°N-25°N latitude and 60°E-90°E longitude sector at 

925hPa level derived from NCEP/NCAR reanalysis1 data 

(http://www.esrl.noaa.gov/psd/data/ gridded/data.ncep. reanalysis. pressure.html.) as 

observed for the year 2012 is presented in Figure 3.3. During December, January, 

February and March months the winds are weak north-easterlies. The prevailing winds 
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start strengthening and shifting direction during May and become south westerlies by 

June-July. The wind speed starts decreasing by October and reverses to northerly/north-

easterly which lasts till March/April. Based on the prevailing meteorological conditions 

of the location, a year is divided into four seasons. Months of December, January and 

February characterized by low temperature, dry atmosphere (low RH), low wind speed 

and little or no rainfall, constitute the Winter season. March to May is the Pre-

monsoon/ Summer season with high temperature and wind speed ranging from 2-6m s-1 

and direction changing from north-easterly to south-westerly. This season is also 

characterized with pre-monsoon showers. Months of June, July, August and September 

is characterized as Monsoon season with heavy rainfall and strong south westerly 

winds. The months of October and November are the Post-monsoon season with 

moderate rain (return monsoon) and moderate north-easterly winds. 

Being a coastal site, TVM is also influenced by strong mesoscale phenomena 

like sea breeze (SB) and land breeze (LB) circulations. The most significant feature of 

this coastal site is the development of the thermal internal boundary layer (TIBL) [Stull, 

1988; Kunhikrishnan et al., 1993]. The coast line lies along 145°-325° azimuth. The 

wind blowing between 145° and 325° (towards land) is considered to be the SB, while 

the seaward wind blowing between 325° and 360° and 0°-145° represents the LB. In 

general SB prevails during daytime and LB during night time. This geographical setting 

of the location makes the boundary layer aerosols a mixture of marine and continental 

components. 

 

3.3  Physical characteristics of aerosols at TVM  

The physical characteristics such as total number density, number density-size 

distribution and mass concentration of aerosols along with their temporal variations 

were investigated and detailed in this section. 

 

3.3.1  Aerosol number density  

The number density/concentration of aerosols is measured by the Aerosol 

Spectrometer (model 1.108, GRIMM, Germany), in 15 discrete channels of aerosol 

sizes (aerodynamic diameter) ranging from 0.3µm to 20µm. The size channels 

correspond to the aerodynamic diameter of aerosols >0.3, >0.4, >0.5, >0.65, >0.8, >1, 

>1.6, >2, >3, >4, >5, >7.5, >10, >15 and >20µm. Technical details and theory of 

operation of the instrument are given in Chapter 2. Instrument is operated round the 

clock inside the laboratory by drawing ambient air through an inlet placed 3m above 
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the ground level. The aerosol number density data in 15 size channels, averaged at 

5minutes interval are recorded. During the study period of 28 months from September 

2011 to December 2013, about 220 days of number density-size distribution data have 

been collected (10 to 15 days per month except during monsoon) and used in the 

present study. The measurements during monsoon are limited (7 to 8 days per month) 

due to adverse weather conditions. The heterogeneity in aerosol sources and sinks, the 

wide size spectrum, short life times along with prevailing meteorology result in 

significant variation of aerosol properties diurnally, monthly and seasonally. 

 

3.3.1.1  Diurnal variation of total number density 

The aerosol number density measured at the first channel of the Aerosol 

spectrometer corresponds to the total aerosol number density (N) in this study and 

represents the aerosols of aerodynamic diameter>0.3µm. The total aerosol number 

density N shows strong and consistent diurnal variation throughout the year.  

Irrespective of the year, the diurnal patterns are characterized by day time low 

and night time high. A sharp peak is often seen ~0700-0800hrs, superposed on this 

diurnal pattern. The prevailing boundary layer characteristics, proximity to major 

sources and sink processes play key role in controlling the diurnal patterns of aerosol 

loading at any location [Moorthy et al., 2003; Tripati et al., 2005; Hussein et al., 2006]. 

Figure 3.4a show the annual mean diurnal pattern of N as measured for the entire study 

period. 

The observed diurnal changes at the present study region are found to be closely 

linked with the mesoscale meteorological conditions of this location. To illustrate this, 

a typical diurnal variation of aerosol number density as measured on 29 Jan 2013 is 

shown in Figure 3.4b along with the corresponding meteorological parameters, wind 

speed (WS), wind direction (WD), Temperature (T) and relative humidity (RH). The 

aerosol number density which remains high during night till morning drops by ~09:00-

10:00AM, remains low till ~1900hrs and then increases. 

With sun rise (~06:43hrs, marked in Figure 3.4b), temperature starts increasing 

and humidity decreases. As time advances, the land becomes hotter and the land-sea 

contrast in temperature results in the onset of the landward blowing SB at ~0950hrs as 

seen from the change in WD and increased WS in Figure 3.4b. Associated with this, the 

TIBL develops [Stull, 1988] and grows in height. As the day progresses convective 

activity gains strength, lower atmosphere becomes turbulent, causing thorough mixing 

of air. The aerosols (also other trace gases) get lifted to higher altitudes, mixed up in a 
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large volume, thus reducing the concentrations at surface level. The SB prevails till 

night when land sea contrast reduces and reverses (sea become warmer than land) and 

the LB sets in by ~19-20hrs [Prakash et al., 1993]. The SB and LB regimes (dotted 

line) during a day are marked in Figure 3.4b. 

 
 
Figure 3.4. (a) Mean diurnal pattern of total number density (N per m3) for 2011-2013 

at TVM along with standard deviation (b) Typical diurnal pattern of N along with 

meteorological parameters (dotted line indicates the land/sea breeze transition 

time)recorded on 29 Jan 2013.  

 

With sun set, earth’s surface starts cooling faster due to radiative cooling, there 

by changing the nature and structure of the atmospheric boundary layer. A shallow 

stable nocturnal boundary layer develops at night which confines aerosols to surface 

levels, thereby increasing the aerosol concentration. During the evolution of night time 

stable boundary layer, a part of the aerosols, which got lifted up during daytime, remain 

above this nocturnal boundary layer (i.e. in the residual layer). Next morning, as the sun 

rises, the nocturnal boundary layer breaks and the aerosols trapped in the residual layer 

intrudes down. This causes a sudden short-living enhancement in the surface level 

aerosol number density which is manifested as a sharp peak in the diurnal pattern of 

aerosols number density ~0700hrs as observed in Figure 3.4a and b. This is known as 

the fumigation effect. As the boundary layer develops these particles get mixed up and 

the peak disappears. Morning increase in traffic and other anthropogenic activities may 

also contribute to the morning enhancement. Similar diurnal variation in aerosol mass 
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concentration and black carbon have been observed at this station associated with 

SB/LB [Pillai, 2003; Babu, 2005] 

 

3.3.1.2  Monthly /seasonal variation of total aerosol number density 

 

Figure 3.5. Mean monthly variation of total aerosol number density (N) along with the 
standard error. 
 

The mean monthly variation of total number density observed during the study 

period as obtained from daily data is shown in Figure 3.5. The vertical bars indicate the 

standard deviation. Aerosol number density peaks during the winter months of 

December-February (DJF) with values reaching >3.5×108m-3. The number density 

decreases through the month of March to May (pre-monsoon) with a mean value of 

(2.1±1.1) ×108 m-3. During the monsoon months of June-September (JJAS), N reduces 

drastically with the minimum of 1.2 ×108 m-3 occurring in June.  

  

3.3.2  Number density- size distribution  

The aerosol Number density-Size Distribution (NSD) is a critical parameter in 

deciding their radiative impacts. It also decides the relative strength of different source 

and sink mechanisms active at the location [Jaenicke, 1993; Tunved et al., 2004]. The 

aerosol number density measurements at the 15 size channels were utilized to estimate 

the aerosol NSD function given as, 

                                  n(r)= dN(r)/dr                                           3.1 

where the differential number density dN(r)=N1-N2 and dr = r1-r2, with N1 and N2 

representing the aerosol number density of aerosols at radii  r1 and r2 respectively (or 
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the lower and upper limit of the respective size bin). The estimated n(r) is plotted 

against the radius r = (r1 + r2)/2 on log scales to depict the nature of the NSD.  

 

 

Figure 3.6. Mean NSD observed during the study period, the different modes are also 

indicated with arrows. The solid arrows point to the prominent modes and the dotted 

arrows point to the indicative modes. 

 
Figure 3.6 shows the nature of the mean NSD observed during the study period. 

The vertical bars denote the standard deviation. The size distribution is of multi-modal 

nature with two prominent modes/peaks, one in the fine particle range ≤0.1μm and the 

other in the accumulation size range (~1μm) both marked by solid arrows. The NSD 

also indicates presence of less pronounced modes in the radii range, ~ 0.3-0.5μm and 

~5-8μm (marked by the dotted arrows). An examination of the individual NSDs 

revealed that they exhibit significant day-to-day variability in terms of their number 

density in each size channel. 

 

3.3.2.1  Monthly/seasonal variation of NSD 

In spite of the day-to-day variability, the NSDs exhibit, obvious seasonal 

features. To get an insight into this, the estimated aerosol size distributions on daily 

basis were grouped and averaged month-wise for the period 2012 and 2013 separately 

to obtain the monthly mean NSDs (Figure 3.7a and b respectively). These monthly size 

distributions (Figure 3.7a) reveal systematic annual variation. For more clarity, these 

size distributions are zoomed in for the size range 0.15m up to 0.5m (small/fine 



Chapter 3 

 

87 
 

particles) and >0.5m radius (large/coarse particles) as can be seen in Figure 3.7c and e 

for the year 2012 and d and f for 2013. 

 

Figure 3.7. Monthly mean NSDs for (a) 2012 and (b) 2013 along with the zoomed 
distributions for the radii range 0.15 m to 0.5m (fine particles) and >0.5m 
(large/coarse particles),  (c) and (e) for the year 2012 and (d) and (f)  for 2013. 
 

All the monthly distributions are also multi-modal in nature with two prominent 

modes and two less pronounced modes, (as discussed in Section 3.3.2) during most of 

the months. The fine particle concentration peaks in winter months of DJF (shown in 

brown colour) and decrease by MAM (red colour) reaching minimum in monsoon (blue 

colour). On the other hand, number density of the large particles of radius ~1-3μm 

peaks in monsoon. Particles of radius >3μm remain high during all the seasons except 

monsoon (Figure 3.7e and f). 
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By grouping the NSDs corresponding to various months into respective seasons 

and averaging, the seasonal mean NSDs have been obtained (Figure 3.8). It can be seen 

that the fine particle mode is more pronounced during winter (Figure 3.8) compared to 

the other seasons with lowest values observed during monsoon season. On the other 

hand, the accumulation mode which is observed around 0.9-1.0µm becomes prominent 

during the monsoon period. Another feature is that this large particle mode is of 

comparable amplitude during monsoon, pre-monsoon and winter. In fact the seasonal 

changes in NSD are more pronounced for the fine particles.  

 

 

Figure 3.8. (a) Seasonal mean NSD at TVM along with the zoomed NSD(b) for fine 

particles and (c) for coarse particles. 

 
The fine mode aerosols are generally formed from gas-to-particle (GPC) 

mechanisms and are mostly of anthropogenic origin. The coarse mode originates from 

bulk-to-particle (BPC) and contributed by sea-salt, mineral dust etc. Earlier studies 

done at the study region have reported a trimodal mass size distribution [Pillai et al., 

2001]. The columnar NSDs derived by the numerical inversion of spectral optical depth 

measurements at this location are of four types of distributions namely power law, 

monomodal, bimodal and combination of power law and monomodal [Nair, 1993; 

Beegum et al., 2010].  

In order to have a quantitative assessment, the retrieved seasonal mean NSDs 

were fitted with appropriate analytical distribution functions. In the fine mode 

extending from 0.175m to 0.5m the aerosol number density (n(r)) shows decrease 

with increase in r. This part of NSD is fitted with the widely accepted inverse power 

law distribution also called Junge distribution [Junge, 1982] of the form  
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     n (r)=n0 r-     3.2 

where n0 is a constant and  is called the size index. The size index ν (explained in 

Chapter 1) is an indicator of relative dominance of small particles and large particles.  

and n0 are obtained as the slope and y-intercept respectively of the linear regression fit 

for the scatter plot between log n(r) and log (r).  

 

 

Figure 3.9. Seasonal mean NSDs fitted with inverse power law (for small particle 
mode) and log normal distribution for the large particle mode for (a) winter (b) pre-
monsoon (c) monsoon (d) post-monsoon. 

 

The large particle mode was fitted with log-normal distribution (LND) which is 

of the form  
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where rm is the mode radius and σm the standard deviation. LND is fitted by using 

OriginPro 8.5 software.  
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The observed seasonal NSDs shown in Figure 3.8 are fitted with the inverse power law 

and LND as discussed above (Figure 3.9) and the estimated constants n0, , rm, σm are 

given in Table.3.1.  

 

Season Power law Log normal distribution 

n0  rm σm 

Pre-monsoon 162468.8 5.5 0.70 0.70 
Monsoon 129529.4 6.0 0.85 0.66 
Post-monsoon 89133.2 5.9 0.78 0.64 

Winter 317804.8 5.5 0.67 0.68 

 

Table 3.1. Fitted parameters (n0, , rm, σm) for seasonal NSDs. 

 

The  values corresponding to the aerosol radii range from 0.175 to 0.5m lies 

between 5.5 and 6 at this location. These values are slightly higher than the previously 

reported values [Nair, 1993; Beegum, 2010] and indicative of higher concentration of 

small particles. The large particle mode ranges from 0.67 to 0.85m with the width of 

the distribution (σm) lying between 0.64 and 0.70. The mode radius rm peaks in 

monsoon (0.85m) with minimum in winter. The chemical characteristics of the 

aerosols presented in Section 3.4 and the Principal Component Analysis (PCA) in 

section 3.4.2 throw more light into the different species which constitute these modes.  

 

3.3.2.2  Seasonal variation of particles of different size ranges (PM1, PM1-3, PM3-5 

and PM>5) 

Along with the optical/radiative and climatic impacts of aerosols, their effects 

on human health and the living environment are also of great concern [for e.g. Pope et 

al., 2011]. The respiratory system is the most frequently affected organ system by 

Particulate Matter (PM) or aerosols. Aerosols with aerodynamic diameter up to 1µm, 

2.5µm and10µm (PM1, PM2.5, PM10) are of biological importance in this context. 

Even though the measurements done as part of the present study is not directly of 

PM1/PM2.5/PM10, the size resolved measurements of aerosol number density at more 

finer size bins were made use to make inferences on particulate matter of different 

sizes. Primarily the present study focuses on aerosols of the following major classes 

given below:  

1. Particles with size (aerodynamic dia) between 0.3 to 1m diameter (referred as PM1 

or fine particles in this study).  
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2. Particles with size >1m denoted as PM>1 and referred as the coarse particles. 

In addition, to examine the finer details, the coarse particle range is subdivided into  

(a) Particles between size range 1-3m represented as PM1-3 which can represent 

PM2.5. 

(b) Particles of size greater than 3m and ≤ 5m represented as PM3-5. 

(c) Particles of size greater than 5m represented as PM>5. 

The seasonal pattern of the number density of aerosols in the two major classes 

namely PM1 (fine) and coarse particles (PM>1) are shown in Figure 3.10a and b. 

 

 

Figure 3.10. Monthly variation of (a) PM1 (b) PM>1 (c) PM1-3 (d) PM3-5 and (e) 
PM>5 for the study period. 

 

PM1 particles showed a pattern similar to that of total aerosol number density 

(Figure 3.6) since N is dominated by PM1 particles (or the fine mode particles). These 

particles show an increase towards the winter months with value reaching ~3.5×108m-3. 

This increase is attributed to the enhancement of anthropogenic aerosols transported 

from continental regions over to the site under favourable wind direction (north/north-

easterlies (Figure 3.5)) and the prevailing dry conditions characteristic of the season. 

Moreover, the low temperature and weak convective activities results in shallow 

boundary layer which in turn confines the aerosols close to ground thereby increase 

their near-surface concentration. The number density of PM1 reaches minimum in 

monsoon (~ 1×108m-3) with an intermediate value in pre-monsoon (~ 2×108m-3). On the 

other hand, the coarse particles (PM>1) show a different pattern with peak values in 

pre-monsoon/monsoon period and minimum in post-monsoon. Coarse particles are 
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often produced through bulk-to-particle-conversion mechanisms and include soil dust, 

sea-salt, and those of vegetative origin, like pollens, spores, etc. This analysis shows the 

seasonally changing aerosol sources acting at this location. 

 To get more insight into the size-resolved number density, the seasonal patterns 

of PM1-3, PM3-5 and PM>5 are also examined (Figure 3.10c to e). The pattern of 

PM1-3 is more or less similar to that of the coarse particles (PM>1) with peak in 

monsoon months (JJA) and minimum in post-monsoon (ON). PM3-5 is characterized 

by an extended peak from winter to pre-monsoon (DJF and MAM). Particles with size 

>5m (PM>5) peaks in winter season and remains more or less steady in other seasons. 

Peaking of aerosol number density in different size ranges in different seasons confirm 

the highly varying seasonal sources. Here it is to be noted that large sized particles 

contribute more to the aerosol mass. The percentage contribution of fine particles to the 

total number density ranged from 96-98% with monsoon season showing minimum.  

 

3.3.3  Monthly variation of aerosol mass loading 

Along with the number density-size distribution of near-surface aerosols,  

measurements of the aerosol mass loading (ML in µg m-3) were also carried out by 

operating the High Volume Sampler (GH 2000, Graseby Anderson, USA) at the same 

level (3m above ground) from where air is drawn for number density measurements. 

The technical details, sampling procedure, protocol and estimation of mass 

concentration are described in Chapter 2. George et al., [2008] have reported a mean 

value of ML as 52.4±16µg m-3 during sea-breeze regime (day time). In the present 

study, aerosol samples were collected during SB and LB regimes. Sampling duration 

was 3hours centred on noon, for the SB regime and midnight for LB, confirmed by 

monitoring the wind direction. A total of 110 samples collected during the study period 

have been used in the present study. Among this, 32 samples fall in winter season, 38 

samples in pre-monsoon and 20 samples in monsoon and 20 during post-monsoon. 

Rainy days restricted the sampling during the monsoon months.  

Aerosol mass concentration showed day-to-day variation with values ranging 

from ~30 to ~100µg m-3. The mean monthly variation of ML for the period of 

September 2011 to December 2013 is shown in Figure 3.11.  

The mean value of ML is obtained as 67±30µg m-3 for the entire study period of 

two years. There exist two peaks in ML, one for the winter season (DJF) and other in 

monsoon season (JJAS). ML decreases during the summer months of MAM. The 

minimum ML is observed during SON after which it increases. 
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Figure 3.11. Monthly mean aerosol mass loading (ML) for the study period at TVM. 
 

It is to be noted that the seasonal variation of N (shown in Figure 3.6) and ML 

(Figure 3.11) are not exactly matching even though both of them exhibit peak during 

winter months (DJF). While the number density dips during monsoon, ML shows 

enhancement during monsoon months (JJ). Here, it is to be noted that, large sized 

particles contribute more to the total aerosol mass. The increased loading of 

large/coarse particles PM1-3 and above (Figure 3.10) could be partially responsible for 

the increase in ML during monsoon.  

 

3.3.4  Change in ML and N during SB & LB (day to night changes)  

In this work, measurements of N, NSD and ML were carried out during SB and 

LB regimes for the first time. As observed over this site, the SB sets in by 0900 to 

1000hrs and prevails till 1900-2000hrs when LB sets in [Prakash, 1993]. In view of the 

large day-to-day variability, to characterize the aerosol properties, the measurements 

done on the same day during SB and LB periods only are considered in this analysis. In 

Figure 3.12a and b are shown the monthly mean N and ML measured during SB and LB 

regimes.  

Aerosol number density N remained invariably high during LB regime (night 

time) in all months. This is because the LB brings aerosols from inland where 

anthropogenic activities take place, to this coastal site. Moreover, the shallow and 

stable boundary layer during night time confines the aerosols to surface level. SB 

favours influx of sea-salt aerosols which are less in number. The mass loading also 

remains high during LB regime in most of the months. But, from the pre-monsoon 
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months of April, ML during SB starts exceeding that during LB and remains high till 

July, after which ML during LB overrides that of SB. 

 

 

Figure 3.12. Monthly variation of (a) Total number density (b) Mass loading and (c) 

NSDs during SB and LB regimes. 

 

The SB-LB contrast is largest in the winter months of DJF when the synoptic 

scale flow is from inland. ML in LB and SB become comparable during summer 

months of April/May and ML during SB exceeds than that during LB in monsoon. The 

influx of sea-salt aerosols contribute to high ML during monsoon, since they are of 

larger size.  In this context, it is worth noting that large sized particles contribute more 

to the mass and increase in ML is indicative of presence of large/coarse particles. In 

Figure 3.12c is shown the typical aerosol NSDs for SB and LB regimes. These NSDs 

clearly reveal the presence of more fine particles during LB period. Particles in the size 

range 1-3m (radii from 0.5 to 1.5m) are also dominant during LB due to influx of 

continental species like soil dust from inland. 
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3.3.5  The seasonal patterns and synoptic scale meteorology 

Synoptic scale meteorology plays key role in controlling the seasonal behavior 

of aerosol characteristics at the study region [Moorthy et al.,1991; Pillai et al., 2001; 

Babu et al., 2004; David et al., 2011]. Air mass back trajectory analysis pertaining to 

the location is a potential tool in identifying the source regions of aerosols. In view of 

the short lifetime of near-surface aerosols, which is less than a week, the 7-day air mass 

back trajectories arriving at the observation site at 925hPa (within the boundary layer) 

for the mean sampling time are simulated by running the Hybrid Single Particle 

Lagrangian Integrated Trajectory (HYSPLIT) model [Draxler et al., 2003] 

(www.arl.noaa.gov/ready/HYSPLIT.php), details of which are discussed in Chapter 2, 

and shown in Figure 3.13 for different seasons.  

The systematically changing pattern of air mass over the study location 

representing the four seasons can be clearly visualized in Figure 3.13. During monsoon, 

the air mass is from the marine environments of Indian Ocean (IO) or Arabian Sea (AS) 

from where strong westerlies/south westerlies originate. This will bring in sea-salt 

aerosols over to the site. Air mass prevailing at the site in winter is obviously from 

north-east or east. But in pre-monsoon and post-monsoon the air mass trajectories are 

of mixed origin. While in pre-monsoon, most of the trajectories are of marine origin, in 

post-monsoon, air mass of mixed origin-oceanic as well as continental- arrive at the 

site. It is observed that the seasonal behaviour of aerosol number density, NSD and 

mass loading are closely linked with those of meteorological parameters.  

As mentioned in Section 3.2 the winter season (DJF) is characterised by low 

temperature and minimum RH. The removal processes (rainfall) are also weak during 

this period and thus increases the lifetime of aerosols. The wind pattern (Figure 3.3) as 

well as air mass back trajectories indicate northerly/north-easterly flow (from inland) 

bringing in continental air mass. Since the continental air mass is more loaded with 

aerosols, this condition can lead to an increase in aerosol loading both in terms of 

number density and mass loading as seen in Figures 3.5 and 3.11. The fine particles 

(PM1 in Figure 3.10) as well as coarse particles (PM>1) clearly show their peak during 

winter months. Thus aerosols of mixed sources arrive at the study location during 

winter. South west monsoon (JJA) starting in June at this location and extending till 

Aug/Sep, is manifested with heavy rainfall and strong south/south-westerly winds bring 

in marine air mass (Figure 3.4). Consequently, the aerosol total number density shows a 

decrease of ~36% from that of winter. In fact, from March onwards, the number density 

starts decreasing and reaches minimum by JJ. This decrease is notable in fine particle 
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number density (PM1, see Figure 3.11a).The PM1-3 particles peaks in monsoon when 

the air mass of oceanic origin prevails over the experimental site, bringing in sea-salt 

aerosols.  

 

 

 

Figure 3.13. 7-day air mass back trajectories reaching TVM at 925hPa for (a) pre-

monsoon (b) monsoon (c) post-monsoon and (d) winter. 

 

The pre-monsoon months (MAM) are generally dry and hot and also the season 

in which the transition of air mass from continental to the marine occurs (Figure 3.4). 

The air mass back trajectories originates mostly from marine environment of AS and 

traverses the coastal regions. However, few trajectories originating over eastern side 

and passing through land mass also reaches the site. So it is possible that both fine and 

coarse particles of marine and continental sources reaches the site. Since the 

temperature attains peak values during pre-monsoon, the convective activities get 

strengthened, mixing the air vertically to higher altitudes and thus reduces the near-

surface aerosol loading. The post-monsoon months ON also represent transition period 

for wind, from south-westerly to northerly/north-easterly (return monsoon). The air 

mass is mostly of oceanic origin from both AS and BoB. In this case also, it traverses 

the landmass on the eastern side of the site.  
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3.4  Chemical characteristics of aerosols  

The collected aerosol samples were subjected to chemical analysis using various 

analytical techniques as described in Chapter 2. The mass concentrations of major 

water soluble anions SO4
-, NO3

-, Cl- and cations of Na+, Ca2+, Mg+, K+, NH4
+ were 

estimated by using Ion Chromatograph (DX-120 of Dionex USA and Metrohm 882 

plus, Switzerland). Bicarbonate in aerosols was measured using the autotitrator (model 

848/877 Titrino Plus) for the first time. Acid soluble metallic species Fe, Al, Mn, Zn, 

Ca, etc are measured with ICP-AES (Optima 4300V of Perkin Elmer), and Na and K 

with AAS (Varian Spectr AA 250 plus). In addition to this, the in-situ-measured Black 

Carbon (BC) using aethalometer (model AE-41, Magee Scientific USA) operated 

during the same period is also used in this study.  

 

3.4.1 Seasonality in chemical composition 

The measured mass concentrations of the various species exhibited large day-to-

day variability and also seasonality. The most dominant species in aerosols over this 

region include the marine species Na+ and Cl- and the anthropogenic component SO4
-

,the mean concentrations being 5.1±3.0, 6.1±4.1 and 7.3±4.2µg m-3 respectively. In 

spite of the significant day-to-day variability, chemical composition exhibit systematic 

seasonal behaviour which is species dependent. In Figure 3.14a is shown the seasonal 

behaviour of the oceanic species Na+, Cl- and Mg; crustal species Fe, Ca, HCO3 and Al; 

the anthropogenic components SO4
-, NO3

- , NH4
+ and BC along with K+. Species K+, 

Ca, Mg and SO4
- have both sea-salt (ss) and non-sea-salt (nss) contribution over the site 

[George et al., 2008]. The ss component of each of these species (X) were estimated 

using Na as the reference species and given as [Duce et al., 1983] 

 Na

sw

Xss M
Na

X
M 








  3.4 

where , MXss and MNa are the mass concentrations of , ss-component of X and Na 

respectively and (X/Na)sw is the mass ratio of species X to Na in sea water the typical -

values being 0.25, 0.037, 0.038 and 0.12 for SO4
2-, K, Ca and Mg respectively [Berg 

and Winchester, 1978]. The nss component is estimated by subtracting MXss from the 

total mass concentration of the respective species (mX). The seasonal patterns of ss and 

nss components are shown in Figure 3.14b and c. Source of nss-Ca is mostly crustal, 

nss-K of biomass origin and nss-Mg has soil origin. Major oceanic species Na+ and Cl- 

and the ss components peaked in monsoon (JJAS) and decreased during post-monsoon 
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(ON). The mass concentrations of oceanic species are comparable in pre-monsoon and 

post-monsoon, but significantly low in winter. The monsoon high is due to the 

increased production of sea-salt by strong south-westerly winds which blow during 

monsoon period as explained in section 3.2. During pre-monsoon and post-monsoon 

also presence of marine air mass can be noted in the pattern of back trajectories shown 

in Figure 3.7. But in winter the air mass is of continental origin (Figure 3.7a) and winds 

are calm with minimal sea-salt production. This results in less or absence of marine 

species at the site. 

 

 

Figure 3.14. Seasonal variation of (a) various chemical species in aerosols at TVM (b) 
ss components and (c) nss components  
 

Species of anthropogenic origin like SO4
-, NH4, BC and the nss components of 

K, Ca, and SO4
2- peak in winter season and decreases through the post-monsoon and 

pre-monsoon seasons reaching minimum in monsoon. The winter peak in 

anthropogenic species can be attributed to (1) influence of continental air mass (2) low 

boundary layer height (3) low temperature and calm winds leading to less ventilation 

and inefficient removal processes resulting in longer residence time of aerosols. The 

source of SO4
2- is mainly fossil fuel combustion and hence is a tracer for anthropogenic 
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activities. Black carbon also originates mainly from the exhaust from automobiles. 

NO3
- is mainly formed from the oxidation of NOx produced from fossil fuel 

combustion, emissions from soil and lightning discharges. Though nitrates mostly 

originate from anthropogenic sources, the highest values were observed during the pre-

monsoon season indicating other sources of nitrates at the site.  

The crustal species including Fe, Al, nss-Mg and nss-Ca shows a predominant 

high for pre-monsoon period. This is attributed to long range transport from arid 

regions on west/northwest of the site. From Lidar based measurements  Rajeev et al., 

[2010] have inferred that during pre-monsoon/monsoon long range transport from north 

and north-western regions is active bringing mineral/soil dust to troposphere. Mishra et 

al., [2013] also observed that the study region lies within the mineral dust plumes that 

occur over the arid regions. Thus the enhanced presence of crustal species during 

monsoon and pre-monsoon period provides evidence for the long range transport of 

mineral dust during these periods.  

Bicarbonates were also found in significant quantities at this location with 

values in the range 3.1-4.9µg m-3 with peak concentration in pre-monsoon. Carbonates 

and bicarbonates have crustal and marine sources. Soil containing dolomite form the 

crustal source and sea-salt in the form of calcium carbonates/bicarbonates constitute the 

marine source [Chow et al., 2004]. The high bicarbonate in pre-monsoon along with Fe 

and Al also support the long-range transport of mineral dust. 

 

3.4.2  Source identification by Principle Component Analysis  

To identify the possible sources that determine the aerosols over the study 

region, the Principle Component Analysis (PCA) details of which are given in Chapter 

2 was utilized. In the present study, PCA was applied to aerosol chemical composition 

data by using Statistical Package for Social Sciences (SPSS) version 12 and 

quantitative inferences are made on the sources based on the factor loadings. Factor 

loading determines the most representative species in each factor and a loading > 0.7 is 

typically regarded as excellent and shows greater association of that species to the 

source, whereas a loading <0.3 is considered non-significant [Stevens, 1996]. The 

higher the factor loading greater will be the association of that species to the source. 

PCA has been used effectively for identifying aerosol source from various locations 

over Indian region [Srivastava et al., 2008; Chakraborthy and Gupta, 2009; 

Kulshrestra et al., 2014; Hegde and Kawamura, 2012].  
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The PCA was carried out by grouping the chemical composition data (mass 

concentration of each species) of aerosols on seasonal basis for the four seasons 

discussed above. For each season the major factors along with the loading were 

obtained using SPSS and given in Table 3.2. The eigen values, % variance and the 

cumulative percentages of the obtained factors are also listed in the table. Most of the 

loadings were ≥0.7, suggesting that the extraction of all the factors is reasonable to 

make interpretations for this study. 

 

Species/variables 
Pre-monsoon 
Factors  

Winter   
Factors  

Monsoon   
Factors  

Post-monsoon 
Factors  

  F1 F2 F3 F1 F2 F3 F1 F2 F3 F1 F2 F3 

Cl 0.0 0.0 0.6 0.5 -0.2 -0.6 0.9 0.1 0.3 0.9 0.1 0.0 

NO3 0.4 0.5 0.2 0.8 0.3 0.0 0.1 0.9 0.0 -0.1 0.9 0.0 

SO4 -0.1 0.9 0.0 0.1 0.8 0.0 0.4 0.5 0.5 0.0 0.9 0.0 

Na -0.1 0.1 0.9 0.0 -0.5 -0.6 0.8 0.1 0.4 0.9 -0.1 -0.1 

K 0.2 0.5 0.6 0.8 0.3 -0.1 0.9 0.3 -0.1 0.1 0.7 0.4 

Mg 0.9 -0.1 0.2 0.1 0.0 0.8 0.0 0.3 0.9 0.9 -0.4 0.1 

Ca 0.9 -0.1 0.1 0.9 -0.2 -0.1 0.8 0.6 -0.1 0.8 0.3 0.4 

NH4 -0.5 0.5 0.2 0.1 0.9 0.1 0.0 0.6 0.6 -0.1 0.8 0.0 

Al 0.9 0.0 -0.1 0.7 -0.1 0.6 0.4 0.8 0.2 0.1 0.0 0.9 

Fe 0.9 0.1 -0.2 0.9 0.1 0.4 0.3 0.6 0.3 0.1 0.2 0.9 

             

Eigen 
values 3.8 1.7 1.6 3.6 1.8 1.7 3.6 3.0 2.1 3.3 3.1 2.3 

%Variance 34.9 15.1 14.9 33.1 16.9 15.7 32.7 27.1 18.9 33.1 31.3 22.8 

Cumulative % 34.9 49.9 64.9 33.1 50.0 65.8 32.7 59.8 78.6 33.1 64.4 87.2 

 

Table 3.2. The extracted factors in aerosol species (factor matrix) along with % of 

variance and cumulative % for different seasons as revealed from PCA (the blue, red, 

green and yellow represents the crustal, anthropogenic, marine and mixed type of 

aerosols respectively). 

For pre-monsoon season the first factor showed loadings of 0.9 with Al, Fe, Mg 

and Ca which have crustal origin. This factor represents crustal or soil re-suspension 

and accounts for 34.9% of variance. The second factor correlates with NH4
+, SO4

2-, K+ 

and NO3
-.. Both NO3

- and SO4
2- are largely produced as secondary aerosols during the 

process of coal combustion, biomass burning and vehicular emissions [Seinfeld and 

Pandis, 2006]. Thus Factor 2 represents for anthropogenic source for the pre-monsoon 
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season. Factor 3 which shows high loadings for Cl-, Na+ and K+ is identified as marine 

sources mixed with biomass burning contribution.  

During winter, the first factor comprises of 33.2% of the total variance having 

high loadings of NO3
-, Cl-, K+, Ca, Fe and Al all having significant contribution form 

soil/continental source. The second factor is contributed by the anthropogenic species 

SO4
2- and NH4 existing as probably (NH4)2SO4 or NH4HSO4. Factor 3 has Mg and Al 

which possess crustal sources. The study location TVM and nearby region has laterite 

soil which is rich in Al and Mg (www.keralasoils.gov.in). 

In monsoon season, the first factor (32.7% of variance) comprises of the marine 

species Na and Cl along with K and Ca, which are also having strong oceanic 

contribution. The anthropogenic species NO3
- , NH4

+, SO4
2- along with mineral species 

Al and Fe contribute to the second factor with 27.1% of the total variance, which 

represents a mixed composition of aerosols which would have formed due to the 

processing of aerosols. Factor 3 presents the Mg, NH4
+ and SO4

2- as main constituents. 

During this season, both NH4
+ and SO4

2-, seems to have two distinct sources (marine 

and anthropogenic), as the components are equally, distributed among factor 2 and 3. 

Post-monsoon season also called the return monsoon shows the first factor is 

highly loaded with marine species Na, Cl along Mg and Ca having both marine and 

crustal component. Second factor is contributed by anthropogenic components SO4
2, 

NH4
+, and NO3

- along with biomass burning species K+ accounts for 31.3% of the total 

variance. The third factor has Al and Fe and as prominent components which is having 

crustal origin. This analysis has brought out a quantitative information of the various 

aerosol sources acting at TVM in different seasons. This along with airflow and back-

trajectory analysis (Section 3.3.4) revealed a comprehensive picture on the source 

characteristics of aerosols at this location. 

 

3.4.3  Dependence of size resolved aerosol number density on chemical 

composition 

The main uncertainty in predicting the radiative forcing effects of aerosols arise 

due to the poor representation of their size-resolved chemical composition in the 

radiative transfer models. Even though in the present study, size-resolved chemistry 

could not be included, simultaneous and concurrent measurements of NSD, total 

aerosol mass concentration and mass concentration of different chemical species were 

done. In this context, a correlation analysis between mass concentration of different 

chemical species and number density of aerosols in two size regimes viz. the fine 
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particle mode (diameter <1µm) and coarse particle mode (diameter >1µm) were carried 

out using the linear regression technique in order to understand their mutual 

dependence. This analysis was carried out on seasonal basis and the regression 

coefficients are listed in Table 3.3. The correlation coefficients with significance level 

p>0.001 are presented in bold letters. Since the analysis for post-monsoon season did 

not reveal any significant results, it is not presented.  

 

Species 
 

Correlation coefficient (R) 
 

Winter Premonsoon Monsoon 

Fine 
mode  

 Coarse 
mode 

Fine 
mode 

Coarse 
mode  

Fine 
mode  

Coarse 
mode 

Na -0.42 -0.5 -0.45 0.44 0.18 0.50 
Cl 0.34 0.34 -0.54 0.65 0.10 0.58 
Mg 0.02 0.57 -0.45 0.61 0.46 0.43 
NO3 0.48 0.47 -0.04 0.44 0.53 -0.40 
K 0.82 0.67 0.31 0.34 0.41 -0.10 
SO4 0.55 0.29 0.57 -0.13 0.68 -0.10 
Ca 0.40 0.25 -0.46 0.56 0.43 0.15 
Al 0.14 0.59 -0.50 0.72 0.85 0.54 
Fe 0.64 0.66 -0.13 0.59 0.75 0.68 
NH4 0.50 0.22 0.85 -0.14 0.59 0.07 

 

Table 3.3. Correlation coefficient (R) obtained through linear regression analysis 

between mass concentrations of various chemical species and fine mode and coarse 

mode aerosol number density. 

 

The major results of this analysis include:  

(1) Oceanic species Na+ and Cl- show positive correlation (R value 0.45 with the 

significance level of p<0.001) with coarse mode number density during pre-monsoon 

and monsoon. This ascertains that majority of the sea-salt particles are in coarse mode 

(diameter >1µm). But their correlation is negative or insignificant with fine mode 

number density in any season.  

(2) In winter, Na shows negative correlation with both fine mode and coarse mode, but 

Cl- shows positive correlation with both the modes. This has the implication that 

sources other than oceanic exists for Cl- in winter. PCA also showed that Cl is one 

component in factor 1 in winter, but Na+ is not. 

(3) The mass concentration of anthropogenic species SO4
- and NH4

+ are positively 

correlated with fine mode (R>0.5). This again confirms their formation mechanism as 

GPC.  

(4) Another component of anthropogenic origin, NO3
- depicts a different picture. Its 

correlation is positive with both the modes in winter, coarse mode in pre-monsoon and 
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fine mode in monsoon. This analysis also indicates different sources for this species or 

it undergoes season dependent processing. The significant correlation observed for 

NO3
- in coarse mode suggests that their production is not through GPC, but they 

originate from sources like suspension from soil dust or processed with dust or other 

salts [Clarke et al., 1999; Moore and Blough 2002, Dahl et al., 2005]. The PCA as 

explained in Section 3.4.2 also points towards this argument where NO3
- was found in 

the factor 2 in monsoon and post-monsoon along with crustal/continental species. Ca 

behaves in a manner similar to NO3
- indicating different sources. 

(5) K+ a strong tracer of biomass burning shows strong positive correlation in both the 

modes in winter indicating that it has sources from biomass burning as well as marine 

origin. Studies done over the same site by George et al., [2008] had shown that the nss 

component of K+ is 80% to total K+ during the pre-monsoon season which could be due 

to biomass burning. 

(6) Fe and Al are positively correlated with coarse mode in all seasons. But during 

monsoon it shows positive association with fine mode also. It is observed that the 

transported mineral dust is often in accumulation mode (0.1 to 1m) [Kandler et al. 

(2009); Denjean et al., 2016]. This analysis again supports the view that long-range 

transport of mineral dust from arid Arabian regions is active during monsoon. 

3.5  Mean density of aerosols 

The density () of an aerosol particle is of great importance for the prediction of 

particle mechanics, life cycles, both in the atmosphere and in the human respiratory 

system [Seinfeld and Pandis, 2006]. The density depends on chemical composition 

which in turn decides the refractive index and the radiative characteristics of the 

medium.  

In this work, it is attempted to estimate the mean density of aerosols at this 

location based on the mass loading and NSD measurements. 

The mass loading (ML) in g m-3 is related to the number size distribution 

through the relation,  
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where ri and ni are the mean radius and number density of aerosols in the size channel i. 

The mean density () is estimated as  
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Figure 3.15. Variation of monthly mean density of aerosols at TVM. 

 

The density is estimated on monthly basis using the monthly mean number 

density ni in size channel i with mean radius ri and presented in Figure 3.15.  varies in 

the range 1.4 to 2.6g cm-3 annually probably due to mixed nature of aerosols. It is 

higher during the pre-monsoon and winter compared to monsoon and post-monsoon 

probably due to the influence of mineral dust/continental aerosols, as revealed by the 

chemical composition analysis (Section 3.4.1). 

Density of the basic materials of aerosols range from ~2.0g cm-3 for soot, 2.25g 

cm-3 for sea spray to >2.6g cm-3 for minerals Hand and Kreidenweis, [2002]. Mc Murry 

et al. [2002] determined the density of spherical liquid particles as 1.5g cm-3 by 

selecting particles of specific diameter using an electrostatic classifier and subsequently 

measuring mass using an aerosol particle mass analyzer. Hand and Kreidenweis, [2002] 

calculated the effective density using a differential mobility analyzer to measure mass 

and an aerodynamic particle sizer to measure aerodynamic diameter as 1.850.14g cm-3 

for PM2.5 aerosols at Mexico. The aerosol density determined for different aerosol 

types like dust, water soluble, soot, sea-salt volcanic dust etc show a wide range of 

densities from 1.6 to 5.2g cm-3 [d' Almeida , 1991].  

 

3.6 Major aerosol components and first-cut chemical models 

Based on the chemical composition and their radiative effects, the atmospheric 

aerosols are broadly classified into 5 major components (1) Sea-salt (SS) (2) Other 

Water soluble Non-sea-salt components (WSN) (3) Mineral dust (MD) (4) Particulate 

Organic Matter (POM) and (5) Black Carbon (BC). The mass concentration of sea-salt 
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aerosols (SS) is estimated from the mass concentrations of Cl and Na as [Duce et al., 

1983] 

                               SS= MCl+1.47*MNa        3.9 

where 1.47 is the seawater ratio of (Na+ + K+ + Mg2+ + Ca2+ + SO4
2- + HCO3

-) / Na+. In 

this approach the non-sea-salt K+, Mg2+, Ca2+, SO4
2- and HCO3

- in the sea-salt mass is 

eliminated and also allows for the loss of Cl- through depletion process.  

Mineral dust (MD) in the sample is estimated as [Malm et al., 1994] 

                      MD = 2.2MAl + 2.49MSi+1.63MCa+ 2.42MFe+1.94MTi,                  3.10 

MSi is estimated by making use of the mass ratio of Si/Al as 3.84 and since Ti was not 

detected it is not included in this estimation. 

The POM is the least known and least studied component in aerosols at this 

location and also over Indian region. No direct measurements are available at the study 

region. An approximate estimate of POM can be made based on the organic carbon 

(OC) concentration as [Turpin and Lim, 2001]  

                                                              POM=1.6*Moc                                                                         3.11 

where 1.6 is a factor which represents the average organic molecular weight per carbon 

for the organic aerosol. Hegde et al., [2015] has given OC mass concentration (MOC) at 

this location as 17±4.7µg m-3 for pre-monsoon, 16±4.9µg m-3 for monsoon and 

17±4.2µg m-3 for winter and these values are used in this study for the estimation of 

POM.  

The water soluble component WS is given by,  

                           WS= MCl+MNO3+MSO4+MNa+MMg+MNH4+MCa                                 3.12 

The other water soluble species comprising mostly of non-sea-salt particles of 

continental origin is given as  

                                                        WSN= WS-SS                                                                           3.13 

The BC concentration used in this analysis is that measured using aethalometer 

at the experimental location during the study period [Kompalli et al., 2013]. The 

unanalysed mass or residual part if any, is termed as the Residual Fraction (RF). The 

concentrations of different aerosol components thus estimated on daily basis were 

grouped and averaged seasonally to obtain a first-cut chemical model for each season 

and are shown as pie charts in the Figure 3.16. 
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Figure 3.16. First-cut models for aerosol chemical composition at TVM for different 

seasons. 

 

 The component SS shows higher percentage (40%) for the monsoon season and 

least in winter (6%) and remained 20% and 25% in pre-monsoon and post-monsoon 

seasons. WSN contributes 20-22% in pre-monsoon, post-monsoon and winter with 

minimum in monsoon (13%). MD peaks in pre-monsoon (29%) and showed least for 

winter (10%) with monsoon and post-monsoon values being 25% and 17% 

respectively. BC and POM were highest in winter (~5% and 34 % respectively). POM 

remained more or less same (~23-24%) in all other seasons. On the other hand, BC 

attained minimum in monsoon (2%) and remained 3-5% in pre monsoon and post 

monsoon. The RF remained high (23%) for the winter season and was found to be 

negligible in post-monsoon. This mass concentrations of various aerosol components 

form input for the model-based estimation of the radiative characteristics as discussed 

in the following section.  

 

3.7 Estimation of Radiative characteristics 

The aerosol radiative characteristics like aerosol scattering coefficient (βsc) 

absorption coefficient (βab), extinction coefficient (βex), single scattering albedo () and 

the phase function P(), optical depth (τ) etc. depend on both number density-size 

distribution (NSD) and chemical composition of aerosols [Mc Cartney, 1976; 

Kokhanovsky, 2008]. For any realistic estimation of these parameters, experimentally 
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measured aerosol characteristics like mass concentration and/or NSD and chemical 

composition are essential. In this work it is attempted to estimate the aerosol radiative 

properties incorporating the measured data on aerosol mass loading, size distribution 

and chemical composition making use of the software package OPAC (Optical 

Properties of Aerosols and Clouds) model [Hess et al., 1998] the details of which are 

given in Chapter 2. In this study the major aerosol optical parameters were estimated 

using OPAC, giving the measured aerosol parameters as input. The seasonal changes in 

the radiative properties are also investigated in this study. 

OPAC is capable of providing aerosol optical/radiative properties of aerosols 

such as βsc, βab, βex,  and P() for a user-defined set of aerosol components. The 

estimated parameters sc, ab, and ex, are given as,  
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where, Qsc Qab Qex represent the scattering, absorption and the extinction efficiency, m 

is the refractive index of the particle, λ is the wavelength of the radiation and r is the 

radius of the particle having a number size distribution n(r). 
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where α=2πr/k is the size parameter an and bn are the Mie coefficients The values of 

these complex funtions are found from Ricatti-Bessel functions [McCartney, 1976]. 
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The Single Scattering Albedo () defined as the ratio of scattering coefficient to 

extinction coefficient is given by, 

ω=βsc/βex                                    3.17 

The scattering phase function P(θ) describes the angular distribution of scattered 

radiation with respect to the incident radiation. It is defined as the ratio of the energy 

scattered per unit solid angle in a given direction (θ) with respect to the incident 

direction, to the average energy scattered per solid angle in all directions. 
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where βsc() is the angular scattering coefficient.  

In the present analysis, OPAC is configured for 5 inputs entered in an ASCII text file 

which include:  

(1) Aerosol components: A new mixture is defined based on the mass concentrations of 

5 aerosol components (a) sea-salt (SS), (b) other water soluble components including 

organics (c) BC, (d) mineral dust (MD) and (e) water insoluble organic component 

(The seasonal mean mass concentration of water soluble and insoluble organics given 

by Hegde et al., [2015] are included).  

(2) Wavelength range: Ten wavelengths 0.45, 0.5, 0.55, 0.6, 0.65, 0.7, 0.75, 0.8, 0.9, 

1.0m are selected for which optical/radiative parameters are estimated.  

(3) Relative humidity (RH): The measured RH values pertaining to respective seasons 

were selected as input. 

(4) The optical/radiative parameters: The parameters estimated include βsc, βab, βex,  

and P() in the present study. 

(5) Height profile of aerosols: This is not included in this study since columnar aerosol 

optical depth is not estimated. 

 The output of the computations of optical/radiative parameters is written to an ASCII 

output file. 

 

3.7.1 Seasonal variation in estimated radiative properties  

The estimated parameters βsc, βab, βex,  and P() for the 10 wavelengths and for 

the four seasons are shown in Figure 3.17a to e. Scattering coefficient varied from 0.07 

to 0.11km-1 with maximum values during pre-monsoon and winter for shorter 

wavelengths 0.5m. At higher wavelengths, pre-monsoon values are higher than that 

of winter season implying the abundance of anthropogenic species of scattering nature 

during the period. Absorption coefficient varied in between 0.01 and 0.055km-1 with 

maximum values for the winter season (0.025-0.055km-1) indicating the presence of 

more absorbing aerosols.  
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Figure 3.17. Spectral dependence of the estimated βsc, βab, βex ,  and P() for the four 
seasons.  
 

The seasonal pattern of extinction coefficient is also different and wavelength 

dependent. βex attains highest values in winter and minimum in monsoon through pre-

monsoon and post-monsoon. However, the seasonal differences decrease with increase 

in wavelength. In short, the influence of absorbing species at the study region is clearly 

seen in this analysis. The estimated βsc, βab and βex values at 0.5m are comparable to 

those estimated for continental aerosols and polluted maritime aerosols (d' Almeida, et 

al., 1991). Lidar based measurement of extinction coefficient at TVM showed values in 

the range 0.07-0.14km-1 at 550nm [Parameswaran et al., 1998] and over Gadanki 

(13.5°N, 79.2°E) it was found to be ~0.01km-1 at altitudes >3km [Radhakrishnan et al., 

2009)]. 

The single scattering albedo () (Figure 3.17) is relatively low (~ 0.71-0.67) for 

the winter season showing the presence of significant amount of absorbing species like 

BC. The chemical model (Figure 3.16) also shows the presence of BC fraction 6% 
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during winter. During other seasons  is >0.77 with the highest value being 0.89 for the 

monsoon season, due to presence of more scattering species like sea-salt. The phase 

function also exhibits seasonal differences, particularly at >60º. 

 

3.8  Decadal changes in aerosol properties from 2003 to 2013 

The measurements of aerosols number density, size distribution, mass 

concentration and chemical composition started by the beginning of 2003 at this study 

location. This section presents the results of an analysis of the decadal change in near-

surface aerosol number density N, NSD and mass concentration ML at this location 

based on the studies carried out during 2003-2005 [George et al., 2008] and 2011-2013 

(present study) using same type of instruments.  

 

 

 

Figure 3.18. Decadal change in the mean monthly pattern of (a) Number density (b) 

Mass loading and (c) NSD from 2003-2005 to 2011-2013 (d) NSDs   zoomed for small 

particle regime upto 0.5µm (fine mode) and (e) NSDs   zoomed for large particle 

regime >0.5µm (coarse mode) respectively. 

 



Chapter 3 

 

111 
 

Figure 3.18a to e shows the mean monthly pattern of N, ML and NSD 

respectively for the two periods viz 2003-2005 and 2011-2013 along with the number 

densities zoomed for the small particle regime (<0.5µm) and large particle regime 

(>0.5µm). Both N and ML show increase from 2003 to 2013. The NSD shows an 

overall shift to higher number density during 2011-2013 in all size ranges. But the 

increase is more prominent for fine mode (19%) compared to that of coarse mode (5%). 

The total number density (N) showed an increase of ~9% to 23% monthly basis with 

the mean decadal increase of 19%. But increase in mass concentration is much higher 

ranging from 13% to 45% in different months with mean decadal increase being 29%. 

This can be attributed to increase in large particles which are mostly sea-salt aerosols or 

transported mineral dust since large particle contributes to more mass. Apart from the 

over all increase, the decadal changes in aerosol parameters also show seasonal 

dependence.  

 

Parameter 
 

Pre-monsoon Monsoon Winter 

 2003-2005 2012-2013 2003-2005 2012-2013 2003-2005 2012-2013 

ML 50.1±2.8 64.7±5  
(29%) 

54.9±5.0 62.2±10.1 
(13%) 

56.2±5.9 81.7±13.7 
(45%) 

N 1.63E+08 1.94E+08 
(19%) 

9.98E+07 1.23E+08 
(23%) 

2.97E+08 3.24E+08 
(9%) 

 

Table 3.4. Decadal change in aerosol number density (N) and mass loading (ML) from 

2003-2005 to 2011-2013 along with the percentage changes.  

 
Table 3.4 lists the mean decadal changes in ML and N on seasonal basis. 

Highest % increase in ML is seen during winter (45%) followed by pre-monsoon and 

monsoon (29% and 13% respectively). Percentage increase in N is largest in pre-

monsoon followed by monsoon and winter. In this context, it is worth noting that the 

winter time aerosol loading at the location is dominated by the 

anthropogenic/continental species from inland and during pre-monsoon and monsoon, 

sea-salt aerosols or transported mineral dust show dominance. The decadal increase in 

aerosol number density and total aerosol mass loading has implications on large scale 

changes in synoptic scale meteorology and source flux which needs further 

investigations. 
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3.9  Summary 

a)  Simultaneous and collocated measurement of total aerosol number density (N), 

number density size distribution (NSD), mass loading (ML) and chemical composition 

was carried out at TVM for the first time. Here it is to be noted that the results related 

to number density and size distribution is limited to aerodynamic diameter >0.3µm at 

the lower size and doesn’t convey information on smaller particles. The physical 

properties such as N, SD, ML showed diurnal changes associated with mesoscale 

meteorological features like sea-breeze (SB) and land-breeze (LB) and 

monthly/seasonal changes associated with synoptic scale meteorology and transport. 

While N is higher during LB regime throughout the year (except in June when it is 

comparable), ML during SB exceeded that during LB in monsoon months.  

b)  The source identification based on Principal Component Analysis showed three 

prominent sources over the region namely anthropogenic, crustal and marine which 

varied seasonally. Strong mixing of aerosols from these sources is also observed in 

different seasons, in particular during winter season. 

c)  The NSDs are of multi-modal in nature with two prominent modes at radius ≤ 

0.175µm and other ~0.7-0.8µm. Presence of other modes both in fine particle and 

coarse particle regimes are also indicated. While the small particle mode becomes 

prominent in winter due to advection of inland aerosols loaded with anthropogenic 

species, the coarse mode gets strengthened in monsoon due to wind-induced sea salt 

production.  

d)  Correlation analysis between the mass concentrations of various chemical species 

and size-resolved number density indicated that the anthropogenic species like NH4, 

SO4 are mostly in fine mode (diameter<1µm) for all the seasons while Na, Cl, Fe and 

Al in coarse mode (diameter>1µm). Species Ca, NO3, K and Mg, Fe are present in both 

the modes showing multiple sources for these species. 

e)  First-cut chemical models of aerosols were evolved on seasonal basis including 

components of sea salt (SS), Water-soluble non-sea-salt (WSN), Mineral dust (MD), 

Particulate Organic Matter (POM) and Black Carbon (BC). SS contributes maximum in 

monsoon (~40%) minimum in winter (with 6%) with 20% and 25% in pre-monsoon 

and post-monsoon respectively. WSN contributes 20-22% in pre-monsoon, post-

monsoon and winter with minimum in monsoon (13%). MD peaks in pre-monsoon 

(29%) and showed least for winter (10%) with monsoon and post-monsoon values 

being 25% and 17% respectively. BC and POM were highest in winter (~5% and 34% 

respectively). While POM remained more or less same (~23-24%) in all other seasons. 
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BC attained minimum in monsoon (2%) and remained 3-5% in pre monsoon and post 

monsoon. 

f)  Estimates of the aerosol radiative characteristics over TVM based on the measured 

aerosol properties showed that the scattering coefficient varied from 0.04 to 0.14km-1 

and absorption coefficient between 0.01 and 0.05km-1. Single scattering albedo was 

0.71 for winter and 0.89 for monsoon season indicating the presence of more absorbing 

aerosols in winter. 

g)  An approximate estimate of the density of aerosols over the location varied in the 

range of 1.4 to 2.6g cm-3 annually. 

h)  Over a span of ~10 years from 2004 to 2015, the aerosol number density over TVM 

showed an increase of 19% and aerosol mass loading increased by 29%. 
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Spatial characteristics of aerosol size distribution, 
chemical composition and radiative properties 
over Arabian Sea and Bay of Bengal during pre-
monsoon  

 

4.1  Introduction 

Oceans covering more than 70% of earth's surface constitute the largest source 

of natural aerosols by mass in the atmosphere [Prospero et al., 1983; Yoon et al., 2007, 

Vignati et al., 2010, Crippa et al., 2013]. There are several studies suggesting that 

ocean-derived aerosols play key roles in controlling the Earth’s radiation balance, cloud 

formation, cloud properties, and chemistry of the atmosphere [Charlson et al., 1987; 

O’Dowd et al., 1997; Keene et al., 1998; Quinn et al., 1998; Orellana et al., 2011]. 

Aerosols in the marine environment consist generally of two types of aerosols (1) 

aerosols of oceanic origin comprising primarily of sea-salt particles produced by the 

action of wind over the sea surface and those produced through marine biological 

activities comprising of organics and sulphates from the oxidation of biogenic 

Dimethyl sulphide (DMS) [Fitzgerald, 1991; O’Dowd et al., 1997; Andreae, 2007; 

O’Dowd and de Leeuw, 2007] and (2) aerosols transported from the nearby continents. 

Marine aerosols also have a significant influence on the coastal urban air quality by 

their ability to interact chemically as well as physically with other aerosol species and 

gases [O’Dowd et al., 2002; Athanasopoulou et al., 2008; Fuzzi et al., 2015].  

 The marine aerosols depict a wide size spectrum with their radii ranging from 

submicron’s to >10µm and represent the optically active aerosols to incoming solar 

radiation as well as outgoing terrestrial radiation [Kleefeld et al., 2002; Bates et al., 

2006; Mulcahy et al., 2008] and thus playing a vital role in radiative forcing and hence 

climate. Several cruise-based, campaign mode studies have been conducted over the 

oceanic environments all over the globe to investigate the physical, chemical and 

radiative properties of aerosols and to understand the long-range transport active over 

these regions [Arimoto et al., 1996; Russel et al., 1999; Johansen et al., 2000; Raes et 

al., 2000; Verver et al., 2001; Ramanathan et al., 2001; Huebert et al., 2003; Bates et 

al., 2004; Sakerin et al., 2015). In spite of all these efforts, quantitative information is 

limited over the marine environments, particularly over AS, IO and BoB. 
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The landmass surrounding the Arabian Sea (AS) and Bay of Bengal (BoB) 

comprise of highly industrialized, thickly populated and arid, semi-arid regions which 

are rich sources for natural and continental/anthropogenic aerosols such as mineral 

dust, sulphates, nitrates, trace metals, black carbon and organics. The knowledge of the 

size distribution and chemical composition of these highly heterogeneous aerosols is 

essential to estimate their radiative characteristics like the scattering and absorption 

properties. The Integrated Campaign for Aerosols, gases and Radiation Budget 

(ICARB), a multi-platform and a multi‐institutional campaign, was conducted with the 

aim to capture the regional and temporal variability of aerosol sources and sinks, their 

natural and anthropogenic hot spots over the marine environments of AS and BoB and 

the Indian landmass and to assess the regional scale radiative forcing [Moorthy et al., 

2008]. Few papers have been published with details and results from the cruise-based 

measurements of physical, chemical, and radiative characteristics of aerosols made 

during this campaign [Nair et al., 2008, 2014; George et al., 2008; Kedia et al., 2010]. 

 In this chapter, the results of a detailed analysis of the aerosol number density-

size distribution along with the simultaneously measured mass loading and chemical 

composition over the marine environment of AS and BoB are presented, which are not 

addressed in the earlier studies. In addition, the dependence of mass concentration of 

various aerosol species on the size resolved number density and the wind dependence 

of aerosols were investigated. The radiative/optical parameters of aerosols namely 

scattering coefficient (βsc), absorption coefficient (βab), extinction coefficient (βex), 

single scattering albedo SSA () and the phase function P() were also estimated for 

AS and BoB based on the realistic measurements of mass concentration of different 

chemical components in aerosols and using the OPAC model (explained in Chapter 2 

and 3). 

 

4.2  Cruise track  

The results presented in this chapter pertain to the ICARB conducted during the 

pre-monsoon months of March-May 2006 over the oceanic environment of BoB and 

AS. Measurements were carried out on-board the Oceanic Research Vessel (ORV) 

Sagar Kanya (cruise no: SK233). The cruise had mainly two legs; SK223A covering 

the BoB from 17 March 2006 to 13 April 2006, and SK223B covering the Arabian Sea 

from 18 April 2006 to 10 May 2006. Figure 4.1 shows the cruise track during the two 

legs with the arrows showing the direction of movement of the ship and the solid 

circles representing the mean position of the ship when aerosol sample was collected 
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with the numbers denoting the date of sampling. The ship took several latitudinal and 

longitudinal transits over the entire oceanic region covering a track of >25,000km 

length in 56 days.  

 

 

Figure 4.1. Cruise track of ORV Sagar Kanya over BoB (cruise No: SK 223A) and AS 

(SK 223B) during ICARB with the arrows denoting the direction of movement of the 

ship. The red solid circles represent the mean position of the ship when aerosol 

sampling was done with the corresponding date written near to each sampling location. 

 

SK233A started on 17 March 2006 from Chennai (13N, 80.3E) and moved 

northward parallel to the coast reaching 20.7N by 20 March 2006. After this, the ship 

took several latitudinal tracks (along 20.7N, 19N, 17N, 15N, 13N, 11.5N and 

6N) and longitudinal tracks (along 82.8E, 86E, 88E and 93.2E) covering the entire 

BoB from 6˚N to 21°N and 80°E to 93°E ending the journey on 13 April 2006 at 

Kochi. The second leg (SK223B) of the campaign started off from Kochi (marked as 

A) on 18 April 2006. The ship moved west along 9°N latitude reaching 58°E longitude 

and then turned to north, making several latitudinal and longitudinal scans subsequently 

as shown in Figure 4.1. The latitudinal transits were along 9°N, 11°N, 14°N, 16°N, 

18°N, and 22°N. The ship also sailed parallel to the Indian coast near Kozhikode 

(KZD), Mangalore, Gujarat, etc and close to the Arabian coast (150-200 km off the 

coast). The cruise ended at Goa (15.4°N, 73.8°E) on 11 May 2006. Aerosol sampling 

was carried out over the entire oceanic environments, including the coastal regions 

adjacent to major urban centres such as Chennai, Bhubaneswar, Kolkata, 

Thiruvananthapuram, Goa, Mangalore, Kochi, Mumbai, etc. and the dust laden areas 

close to the arid Arab regions.  
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4.3  Meteorology  

The meteorological conditions of the region play a major role in dispersing 

aerosols and modifying their physical and chemical properties. The prevailing 

meteorology during the ICARB was predominantly of calm synoptic conditions with 

weak winds and clear skies. The mean synoptic wind patterns over AS and BoB at 

925hPa (derived from the NCEP reanalysis2 data) during the cruise period is shown in 

Figure 4.2a and b respectively. Over north-BoB the winds were weak and coming from 

northwest, that is, from Indo Gangetic Plains (IGP) while over the south-BoB it is 

southerly or south-westerly. A weak anti-cyclonic flow is seen between 8°N to 15°N 

latitude and 85°E to 90°E longitude. 

 

 

Figure 4.2. (a) Mean airflow pattern over BoB and (b) Mean airflow pattern over AS 
during cruise period and (c) Day to day variation of Temperature, RH and Wind speed 
recorded on board the ship during the cruise.  

 
Wind pattern over the AS showed strong northerlies/north westerlies over 

south-eastern AS with increasing speed towards the Indian Ocean (IO) and low winds 

over the south-western AS. Over northern AS (above 20°N) high north westerly winds 

were observed blowing from Arab regions towards Indian peninsula. During the second 

half of April when the ship was traversing AS, a strong anti-cyclone existed at 13°N; 
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60°E (Figure 4.2b) which made the strong westerlies in the north to turn sharply to 

northerlies close to the peninsula. For the continuous measurements of meteorological 

parameters, two Automatic Weather Stations (AWS) were installed on the port side and 

starboard side of the ship deck at 10m level. Hourly values of the apparent Wind Speed 

(WS), Wind Direction (WD), Relative Humidity (RH) and Temperature (T) have been 

measured using these instruments. All the measurements were synchronized with the 

time information available through a GPS receiver on-board the ship, which recorded 

the latitude, longitude, time, ship course and ship speed at every 1 second. The apparent 

wind speed and direction was corrected for the ship’s motion to deduce the true wind 

speed and direction, following the method discussed by Smith et al., [1999]. Figure 4.2c 

shows the daily mean temperature, RH and the true wind speed measured on-board the 

ship during the entire cruise (while travelling over AS and BoB). The regions travelled 

by the ship during these days are also marked in the figure. The mean temperature 

varied in the range 27°C-30°C for both BoB and AS while the RH varied in the range 

55%-80% over the BoB and 60% to 88% over the AS. High RH values were observed 

in the northern part of AS. The mean wind speed showed variation from 2 to 12ms-1. 

 

4.4  Instrumentation and Database 

During the campaign, the aerosol measurements were made from a customized 

laboratory on the top deck of the ship. The number density-size distribution (NSD), 

mass loading (ML) and chemical composition of aerosols measured on-board the ship 

form the main database for this study. The NSD measurements were carried out using 

the Aerosol Spectrometer (model Grimm 1.107 Aerosol Tech, Germany) by drawing air 

into the instrument through a sampling inlet projecting over the ocean at 10m above the 

sea level. Continuous measurement of total aerosol number density (representing 

aerosols of aerodynamic diameter>0.3µm) as well as size resolved number density at 

15 size channels have been carried out using the Aerosol spectrometer at the time 

interval of 5min, along the cruise track over the AS and BoB. The technical details and 

operation procedures are discussed in Chapter 2. Aerosol samples were also collected 

by operating the High Volume Sampler (model GH2000 of Graseby Anderson, USA) 

installed at the front deck of the ship when it was in motion. Extreme care was taken to 

avoid the effect of any exhaust from the chimney of the ship by constantly monitoring 

the wind direction. The sampler was calibrated for flow rate before, during and after 

cruise using the calibration equipment provided along with the sampler. The aerosol 

sampling and mass loading measurements were carried out enroute. About 38 samples 
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were collected from the BoB region and 32 samples from the AS. Duration of aerosol 

sampling using HVS varied from 3-5hr and during this period the ship covered a 

distance of 50 to 80km. The date of sampling is also marked in Figure 4.1 close to the 

circles which represent the mean position of aerosol sampling. The aerosol mass 

loading (g m-3) was estimated by gravimetric analysis as discussed earlier in Chapter 

2. The collected samples were subjected to chemical analysis following the procedures 

and techniques described in Chapter 2 and 3. The major ions and metallic species 

quantified include Cl-, SO4
2-, NO3

-, Na+, Mg+, Ca2+, K+, NH4
+, Fe, Al, Pb, Cr, Co, Ni 

and Mn. The meteorological parameters Temperature, RH, WS, WD recorded on-board 

the ship by the AWS and shown in Figure 4.3 are also utilized in this study.  

 

4.5  Aerosol characteristics over the marine environment 

The observational results of the study on the aerosol number density (N), size 

characteristics, number density-size distribution (NSD), mass loading and chemical 

composition of aerosols over the two marine environments namely AS and BoB are 

presented in Part I and II respectively. 

 

4.5.1  Part I. Arabian Sea 

4.5.1.1  Aerosol number density  and mass loading over Arabian Sea 

Figure 4.3a shows the spatial distribution of total aerosol number density (N) in 

m-3, measured along the cruise track over AS. The colour bar shown on right hand side 

shows the magnitude of N. N showed a distinct spatial pattern over the AS with values 

ranging from ~1.7E+07m-3 to ~4.0E+08m-3. The southern AS (<10ºN latitude) showed 

high number density around 62ºE -75ºE longitude where the values remained greater 

than 8E+07m-3. Several hotspots were observed as the ship moved along the coastal 

regions of Gujarat (GUJ), Mumbai (MUM), Goa, Mangalore (MGL), Kozhikode 

(KZD), and Kochi (KOC) being about 1E+08m-3, 1.1E+08m-3, 2.03E+08m-3, 

1.7E+08m-3, 9.6E+07m-3 and 4E+08m-3 respectively. This increased aerosol loading 

close to coastal regions suggests the influence of polluted air being transported from 

anthropogenically active continental sites to the marine environment. Except for the 

high number density over southern AS and north east AS, it remained low throughout 

this marine environment. The mid AS showed minimum number density (mean value 

~1.7E+07m-3). This region of low corresponds to that of the anti-cyclonic flow seen in 

Figure 4.2b.  
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Figure 4.3. Spatial variation of (a) total aerosol number density (N) and (b) mass 
loading (ML) along the track over the marine environment of AS. 

 
Along with aerosol number density, the total mass loading of aerosols (ML) is 

crucial in the assessment of radiative and environmental impacts of aerosols. Figure 

4.3b shows the variation of ML along the cruise track, with colour bar showing the 

magnitude. ML varied from 5 to 66µg m-3 over AS with high loading close to the Indian 

coastal regions and also southern AS, as in the case of N. ML and N showed more or 

less similar spatial features over this marine environment. The measurements done at 

various coastal sites like Mangalore (MGL) [Moorthy et al., 2005], Mumbai (MUM) 

[Venkataraman et al., 2002], etc have also revealed high levels of aerosol pollution. An 

average mass loading of 187µg m-3 was observed over MUM by Venkataraman et al., 

[2002], the sources being vehicular emissions, power plants, industrial oil burning and 

refuse burning [Larssen et al.,1997]. Mass loading of 56±20µg m-3 was reported over 

the coastal site of TVM [George et al., 2008]. The steady expansion of Rann of Kutch 

leads to desertification of more areas in Gujarat (GUJ) which in turn produce more dust 

aerosols which can intrude into AS. The hotspots close to coastal areas of GUJ could be 

partly due to the transport of these aerosols over to AS. 

The aerosol number density measured over the AS region is comparable to 

those measured at other oceanic regions over the globe. The typical number density 

observed over Pacific as described by Hoppel and Frick [1990] were 1.5 to 3E8m-3 and 

by Tomilson et al., [2007] is ~3.9E8m-3 for south-eastern Pacific. During the 

Aerosols99 experiment over the Atlantic Ocean, total number concentration ranging 

between 1.9E08 to 5.8E08m-3 was measured with varying air mass types [Bates et al., 

2001]. Higher aerosol number concentrations were observed over the Mediterranean 

Sea (5.3E09m-3) [Eleftheriadis et al., 2006] and south-eastern Baltic Sea (1.5 to 

4.5E08m-3) [Steigvile et al., 2013]. All these studies suggest that the marine 

environments are getting polluted by the nearby continental areas. 
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4.5.1.2  Air mass type over AS: Back trajectory analysis 

The sources of aerosols influencing the marine environment of AS are examined 

by analysing the 7-day air mass back trajectories reaching the cruise track and 100m 

above sea level at 0600UT and 1800UT, retrieved by running HYSPLIT model 

[Draxler et al., 2003] (www.arl.noaa.gov/ready/HYSPLIT.php). 

 

 

Figure 4.4. The 7-day air mass back trajectories (obtained by running HYSPLIT 
model) arriving at the sampling locations for the four regions namely (a) north-AS, (b) 
coast, (c) mid-AS, and (d) south-AS.  

 

The back trajectories reaching the four regions namely north (18°-22° N ; 60° to 

70° E), mid (18°-14°N; 58°-68°E), south (<14°N; 58°- 72°E) and coastal side of India 

(where aerosol characteristics showed variations) during sampling time are shown in 

(Figure 4.4). It can be seen that all these back trajectories originate and traverse the 

oceanic environment only. Trajectories reaching the north of AS start from the southern 

AS, travel close to the Arabian coast and reach north AS. Those reaching the south AS 

and the coastal region originate from the north or mid AS. This reveals that basically 

the marine air mass prevails over AS during the cruise period, but it passes close to 

coastal regions also. However, the aerosol physical properties as described in the earlier 

sections and the chemical composition discussed in section 4.5.1.5 suggests the 

presence of significant amount of continental aerosols over AS. This can be due to the 

intrusion of anthropogenic/continental aerosols into the sea due to local or mesoscale 

circulations and there by getting dispersed through the coastal belt and later mixed up 
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with the entire marine environment [Leon et al., 2001; Verma et al., 2006; Zhu et al., 

2011]. This type of mixing can occur when mesoscale circulations like land breeze 

move dust and other continental aerosols off-shore and over to sea, and from where it is 

carried to remote oceanic regions. Tindale and Pease [1999] observed that local, 

regional-scale land-sea breeze active over the coast of Oman play role in moving dust 

offshore. Studies conducted during INDOEX also revealed penetration of continental 

air mass deep into the oceanic environment of BoB [Lelieveld et al., 2001]. Another 

study over AS showed the existence of SB/LB effects from 80-130km off-shore 

[Subramanyam et al., 2001]. In this context, the high loading of anthropogenic species 

over the Indian coastal regions can also be attributed to the influence of mesoscale 

circulation, in the absence of any synoptic scale circulation, favouring transport of 

aerosols to AS. However, upper level long range transport from arid Arabian landmass 

has been reported during pre-monsoon and monsoon seasons [Aloysius et al., 2008].  

 

4.5.1.3  Number density size distribution over AS 

For the first time, the size-resolved number density measurements were carried 

out over the entire AS region during this cruise. Based on the aerosol number density 

measurements at the 15 channels, the aerosol NSD was retrieved for each set of 

measurements as discussed in Chapter 3. The mean size distributions for the four 

different regions of AS north, mid, south and coast were estimated by averaging all the 

NSDs of the respective regions and presented in Figure 4.5a. The patterns of the size 

distributions are more or less similar in shape throughout AS. All the size distributions 

depict a multimodal structure, with two prominent modes/peaks one ≤0.175µm and the 

other ~0.9µm. Other less pronounced modes centred on 0.3µm and 3µm are also seen 

in the NSD in Figure 4.5. 

In Figure 4.5b and c are illustrated the NSDs split and zoomed for r ≤ 0.5µm 

and r > 0.5µm (fine particles and coarse particles respectively). The small particle 

concentration showed regional differences being highest over south AS followed by 

coastal and north AS. There is a drastic reduction in aerosol number density of both 

fine and coarse particles over mid-AS, where the anti-cyclonic flow existed. Also mid 

AS being far away from all the landmasses, is less affected by the direct influence of 

the surrounding continent. The coarse particle concentration (Figure 4.5c) shows minor 

differences over regions except mid AS where it also reaches minimum. 
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Figure 4.5. (a) Number Size Distribution (NSD) of aerosols over the marine 
environment of Arabian Sea (b) the zoomed NSD for fine mode and (c) the zoomed NSD 
for coarse mode regimes. 

 
The aerosol NSD’s reported for the marine boundary layer of various oceans are 

mostly bimodal in nature [Hoppel et al., 1986, 1990; Clarke and Porter, 1993; Quinn et 

al., 1995; Heintzenberg et al., 2000]. However, the presence of less prominent modes is 

also reported. Measurements over the Atlantic Ocean by Williams et al., [2007] for size 

ranges between 0.03µm and 25µm had shown a similar type of multi-modal distribution 

with 4 modes; first one in sub-micrometer range <0.15µm radius. The two other modes 

were observed between 0.1 and 1µm (fine mode) and the fourth mode in super micron 

range or coarse mode (>1µm). The presence of a mode at 0.17µm [Williams et al., 

2007; Fitzgerald, 1991; O’Dowd, 1997] and another in the super micrometre range with 

mode diameter ranging from 1µm to 7µm also has been observed [Exton, 1985; 

O’Dowd, 1997].  

 

4.5.1.4  Spatial pattern of fine and coarse particles 

In order to have a broad understanding of the aerosol sources over AS, the 

spatial distribution of fine and coarse mode aerosols (PM1 and PM>1 respectively) 

were examined by segregating the measured number density at the 15 channels into 

these two modes (Figure 4.6a and b). 

It is clearly seen that both the modes show distinct spatial features, but with 

similarities also. The fine mode number density varies in the range 1.6E+07 to 

~3.8E+08m-3 with minimum observed over the mid AS and the western AS close to the 

Arabian coastal regions. The southern part of AS and the coastal regions of Indian 

subcontinent showed relatively high values with hot spots close to urban areas. The 
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coarse mode aerosol number density also showed least values over the mid AS where 

the values reached as low as 1.9E+05m-3. But, it reaches values as high as 9.8E+06m-3 

towards south and north AS and close to Gujarat coast. In general, the coarse mode is 

prominent over north AS and fine mode over south-AS. But, significant amount of 

coarse particles are present over south AS also. 

 

 

 

Figure 4.6. Spatial pattern of (a) fine mode number density of aerosols over AS (b) 
coarse mode number density of aerosols over AS (c) fine mode fraction in % over AS 
and (d) coarse mode fraction in % over AS. 

 

In addition to total number density, the fractional loading of the fine and coarse 

particles, defined as the ratio of number density of the respective mode to total number 

density (expressed in %), over the region is also important in assessing the strength of 

aerosol sources and radiative properties. In Figure 4.6c and d are shown the spatial 

patterns of the percentage contribution of fine mode and coarse mode particles. The 

fine mode contributes >95% of the total number density and depicts a pattern opposite 

in nature to that of the corresponding number density, with maximum over mid AS and 

minimum over north and north-east AS. This indicated that the mid AS region is loaded 

with more fine particles even though total number density is minimum. Perhaps, the 

existing anti-cyclonic circulation removes the larger particles away (which are less in 

number). Or, some biological activity (like phytoplankton boom) over the region 
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inducts more fine particles into the marine atmosphere. The south AS where the fine 

mode number density peaked, the fraction is less. The spatial variation of coarse mode 

fraction is different from that of fine mode. Both number density and fractional loading 

of coarse mode particles are similar (Figure 4.6b and d). It can also be seen that over 

north and south AS coarse mode contribution is high reaching up to 5% compared to 

mid AS (where it is only 1%). 

Aerosols in marine environment mostly consist of the in-situ generated sea-salt 

aerosols, those generated through biogenic activities and the transported component 

from the near-by continents. The transported component comprises of fine mode 

aerosols as well as the large sized/coarse particles like soil/mineral dust from the 

arid/semi-arid regions surrounding the oceans. Aerosols of biogenic origin primarily 

comprise of sulphates and organics and are mostly in fine mode. Studies also suggest 

that the fraction of the wind generated sea-salt aerosols contributes significantly to the 

sub-micrometer size range [O’Dowd and Smith, 1993; O’Dowd et al., 1997]. The 

dominance of coarse mode particles over north AS and close to coast of Gujarat is 

attributed to (a) sea-salt particles produced by strong winds (speed> 7ms-1 as seen from 

Figure 4.2 and (b) dust transport from Kutch region and long-range transport from Arab 

regions along the coastal belt. Chemical characterization and the fractional contribution 

of different species can throw more light into the main sources of these particles which 

is discussed in section 4.5.1.5.  

 

4.5.1.5  Chemical composition of aerosols over AS: mass concentration and mass 

fractions 

The analysis of the aerosol samples (as discussed in Chapter 2) from the marine 

environment has yielded the mass concentrations of various chemical species 

mentioned in Section 4.4. The estimated mass concentrations are plotted in Figure 4.7 

along the cruise track. The X-axis shows the date of sampling. The oceanic region of 

sampling also is marked in the figure (top panel). Different aerosol species show 

varying spatial distributions.  

Oceanic species like Cl, Na and Mg shows similar pattern with a prominent 

high over north and towards coast and low values over the south western AS, indicating 

their common source (sea salt origin). Similarly, the major anthropogenic species SO4
2-, 

NH4
+ and NO3

- show more or less similar pattern. These species are abundant over the 

south AS and close to the Indian coast and are relatively low over the northern/mid AS. 
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The mass concentration of crustal components Al, Fe and Ca showed features similar to 

that of the anthropogenic species, indicating that they are also continental origin.  

Spatial variability in aerosol chemical species and thereby their sources can be 

parameterized more precisely in terms of their mass fractions (mf) which is estimated as 

mx/ML where mx denote the mass concentration of the species X and ML is the total 

aerosol loading corresponding to each sample. The mass fractions of different chemical 

species have implications in the radiative forcing due to aerosols [Satheesh et al., 2006; 

Kedia et al., 2010]. 

 

 

Figure 4.7. Variation of aerosol mass concentration (mx) of various chemical species 
along the cruise track over AS in black colour along with their mass fraction (mf) in red 
colour. The oceanic regions, where these measurements were done are marked on the 
top panel. 

 
Along with the mass concentration, Figure 4.7 also shows the variation of mf for 

each of the species. It is to be noted that the spatial patterns of mf of marine species like 

Cl-, Na+ and Mg+ have one-to-one correspondence with respective mx over the entire 

region. The anthropogenic species like SO4
2- and NH4

+ along with soil components Al, 

Fe and Ca exhibits high mass fractions over mid AS. This is probably because the total 

mass loading over these regions were low and the continental species contribute 

significantly to the total loading. Here, it is worth noting that the fine mode fraction of 

number density also showed high over mid AS. The concentrations of oceanic species 

were very low over mid AS were the wind speed was <3ms-1 (Figure 4.2). But over 

other regions, mx and mf showed more or less similar variation. 
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4.5.1.6  Correlation of chemical species with fine and coarse number density over 

AS  

As discussed in Chapter 3, knowledge on the size-resolved chemical 

composition is desirable for the estimation of radiative parameters of aerosols. Since 

size-resolved chemical composition is not available in this study, a correlation analysis 

has been carried out to make indirect inferences on this aspect as done for the coastal 

site TVM in Chapter 3. The results of this analysis is given in Figure 4.8 as the scatter 

plots between the fine mode or coarse mode number density and mass concentration of 

different chemical species. The regression fitted line and the respective correlation 

coefficients are also shown in figure. Correlation coefficient >0.50 is significant with p-

value >0.0001 and those >0.40 is significant to the level of p=0.007. The regression 

fitted lines with correlation coeffficient <0.40 are not shown in the scatter plots. 

 

     

Figure 4.8. Scatter plots between the fine mode or coarse mode number density and 
mass concentration of different chemical species over AS along with the regression 
fitted line and correlation coefficients (R). 

 
From Figure 4.8 it is clear that the mass concentration of species like SO4

2-, 

NH4
+ and NO3

- are positively correlated with the fine mode number density. These are 

mostly of anthropogenic origin and formed through the gas-to-particle conversion 
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mechanism (or secondary aerosols). It was also observed that, on an average ~80% of 

SO4
2- over this region is of non-sea-salt origin and the remaining 20% is from sea salt 

[George and Nair, 2008]. In this analysis, SO4
2- shows relatively good correlation of 

0.47 in coarse mode too, indicating their source as sea-salt or mineral dust [Zhang et 

al., 1999]. On the other hand, oceanic species Na+, Cl- and Mg+ showed positive 

correlation (>0.5) with coarse mode number density supporting the view that they are 

produced from wind induced seaspray and are large particles. Mg which has both sea-

salt and mineral dust origin showed a significant correlation with fine mode (0.48) also. 

In general, species like Al, Fe and Ca which have crustal/soil origin are mostly in 

coarse mode [Kulshrestha et al., 1998; Heintzenberg, 2009]. But the present analysis 

showed strong positive correlation of these species with fine mode number density 

(coefficient ~0.65 to 0.71) with reasonable correlation with that of coarse mode 

(coefficient ~0.34 to 0.41). 

This observation supports the view that the long-range transported mineral dust 

(crustal species) occurs in fine particle mode also [Koulouri et al., 2008, Stone et al., 

2011]. Potassium (K) have both sea-salt and non-sea-salt contribution (mainly from 

biomass burning) is not well correlated with either fine or coarse mode, indicating 

mixed sources. The dominence of fine mode fraction over AS can be partly attributed to 

the presence of species like Fe, Al etc in fine mode. At the coastal site TVM also there 

are evidences that these crustal species occur in the fine mode, as presented in 

Chapter3. 

 

4.5.1.7  Wind dependence of aerosol concentration over Arabian Sea 

 In the study region, the wind speed measured using the AWS on-board the ship 

ranged from 2 to 14ms-1. Making use of the size-resolved number density and the 

surface wind speed, the dependence of number density of aerosols in different size 

ranges on wind speed was carried out. The number density measurements were 

segregated into five size bins viz. PM1, PM1-3, PM3-5 and PM5. These number 

density values in each size bin were further grouped in terms of the wind speed and 

averaged for wind speed bins of 1ms-1. The scatter plots in Figure 4.9a to c show the 

variation of aerosol number density with wind speed for different size bins. PM1 

particles did not show any notable dependence on wind speed and hence not shown 

here. In all other size ranges, aerosol number density (Ns) showed an exponential 

increase with wind speed (U) of the form Ns=N0ebU where U is the wind speed and N0 

is the background number density. 
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Figure 4.9. Variation of aerosol number density with wind speed for each size 
range (a-c) and (d) variation of mass concentration of Na with wind speed, along with 
the exponential fit. 

 
The exponential fit is also shown in Figure 4.9. Since Na is the tracer for sea-

salt aerosols, the wind dependence of mass concentration of Na, denoted as MNa was 

also examined as in the case of number density and presented in Figure 4.9d which also 

follows an exponential relation of the form MNa=Moeb0U with U. The positive 

correlation of Na with U is attributed to the wind induced production of Na over the 

marine boundary layer.  

 

Size range b or b0 N0 (m-3) or  
M0 ( µg m-3) 

Correlation 
 coefficient (R) 

PM1-3 0.07 1.2E6 0.47 

PM3-5 0.11 3.5E5 0.60 

PM>5 0.16 2.5E3 0.63 

Na 0.16 1.2 (M0) 0.66 

 

Table 4.1. Wind dependence of aerosol number density in different size ranges (of the 

form N=N0ebU) and Mass concentration of Na (of the form MNa=Moeb0U) given by the 

fitted parameters b, N0 (M0 for Na) along with the correlation coefficient (R). 
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The fitted parameters, correlation coefficient, N0 or M0 and b or b0 are listed in 

Table 4.1 for each of the above cases. An increase in b is observed with increase in size 

revealing that the number density of large sized particles increase faster with wind 

speed in this marine environment. The correlation coefficient also increased with 

increasing size range (Table 4.1). From this analysis it is inferred that the sea-salt 

particles produced during this period is mostly of sizes >1µm.  

In the past several decades a number of efforts have been made to understand 

the relation between ocean surface wind and marine aerosol characteristics like number 

density, mass concentration and aerosol optical depth. Diverse relationships such as 

linear [Huang et al., 2009, Lehahn et al., 2010], exponential [Moorthy et al., 1997; 

Moorthy and Satheesh, 2000] and power law [Mulcahy et al., 2008; Glantz et al., 2009; 

O'Dowd et al., 2010] have been put forth. Most of these studies report the wind speed 

dependence of number density or mass concentration of aerosols typically adhering to 

an exponential relation discussed above or a power law of the form Mss = mUb. A 

typical b value of ~0.16 was reported over Pacific Ocean [Woodcock, 1953] and 

Atlantic Ocean [Lovett, 1978] where the wind speeds ranged from 0 to 35m s-1 as 

compared to the present study which is 0 to 14ms-1. Measurements by Quinn et al. 

[2000] over the Pacific and South Sea showed a similar wind dependence with sea salt 

concentration with b value of 0.12. Nair et al. [2005] reported a power law dependence 

over the Indian Ocean during INDOEX campaign. An exponential increase of satellite 

retrieved aerosol optical depth (AOD) with wind speed is reported by Kedia and 

Ramachandran, [2008] over AS, with b value of 0.03. Moorthy and Satheesh, [2000] 

brought out an exponential dependence of AOD on wind speed with b value ranging 

from 0.05-0.11 for the spectral range 0.38 to 1.025µm over Minicoy Island, Arabian 

Sea.  

 

4.5.2  Part II. Bay of Bengal  

The BoB is well known for its peculiar geographic setting, being surrounded by 

densely populated land mass with diverse geographical features on three sides (north, 

west and east) and as a region of frequently active weather systems like cyclones [Das, 

1986; Kedia et al., 2012]. It lies between the longitude sector of 80˚E and 100˚E and 

latitude sector of 5˚N to 22˚N sharing coast line of ~2000km with India. The outflow of 

pollutants from the densely populated and industrialized Indo-Gangetic Plains (IGP), 

aided by the prevailing westerly winds through the natural channel created by the 

orography of the Himalayas in the north and the Vindhya-Satpura ranges to the south, 
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results in significant loading of natural and anthropogenic aerosols in the northern BoB 

[Girolamo et al., 2004; Nair et al., 2007; Niranjan et al., 2007; Nair et al., 2009). 

Significant outflow from the East Asian regions over to BoB is also observed favouring 

pollution of this oceanic environment [Girach et al., 2010; Lawrence and Lelieveld, 

2010]. The regional radiative forcing due to aerosols over the BoB plays role in altering 

Asian monsoons and the precipitation pattern over India even though the exact effects 

are still being debated [Konwar et al., 2012; Verma et al., 2011; Das et al., 2014]. Thus 

quantifying the aerosol properties over this oceanic region is important in 

environmental as well as climatic viewpoint. 

The entire analysis done for AS (section 4.5.1) was repeated for BoB and the 

observational results presented below. Due to technical issues with the instrument, 

number density measurements could not be done over a part of north BoB and mid 

BoB. However, mass loading and chemical composition data are available for the entire 

BoB region.  

 

4.5.2.1  Spatial variation of total aerosol number density and mass loading over 

BoB 

The spatial variation of N over BoB shown in Figure 4.10a reveals that the 

marine environment of BoB is more polluted than AS in terms of aerosol loading. Also, 

the spatial heterogeneity in aerosol number density is less over BoB and in general, N is 

higher compared to the AS. Aerosol number density ranged from ~3E+07 to 4E+08m-3 

with maximum (2.9E+08±1.2E+08m-3) over north BoB and minimum (~3.9E+07m-3) 

towards the Southeast BoB. Relatively high aerosol number density (7.7E+07 to 

4E+08m-3) was recorded close to the Srilankan coast when the ship travelled along the 

international ship route (along ~ 6°N). South-BoB showed values varying from 

3.6E+07 to 1.2E+08m-3.  

The spatial pattern of ML over BoB (Figure 4.10b) also shows highest loading 

over north BoB. ML varied from 60-90g m-3 over the northern parts of BoB to 10–

20g m-3over southern parts (an exceptionally large value of 150g m-3 was measured 

near the Chennai port which is not included in this analysis). It may also be noted that 

there are hot spots of ML near south of Kolkata, Bangladesh and north of Andaman 

Islands (shown by brown and red colored circles in Figure 4.10b) depicting the 

influence of anthropogenic activities. Continental outflow from highly polluted IGP 

and East Asian countries surrounding the ocean contribute to the aerosol loading over 

BoB. 



Chapter 4 

 

132 
 

 

Figure 4.10. Spatial variation of (a) total aerosol number density (N) and (b) mass 
loading (ML) along the cruise track over the marine environment of BoB. 
 

The winds over northern BoB are mostly north westerly (Figure 4.2b) directed 

from the Indian landmass, bringing in aerosols from the IGP region. The high aerosol 

loading along the coastal side is due to the presence of many industrialized urban sites 

and busy seaports including Chennai (CHN), Vishakhapatnam (VSK) and 

Bhubaneswar (BHW), Kolkata (KOL), etc. Studies conducted over these sites 

independently support the elevated aerosol loading existing there [Das et al., 2009; 

Pavulari et al., 2011; Ram et al., 2012]. Over south BoB, winds are strong and directed 

from south or south west (Figure 4.2b).  

 

4.5.2.2  Air mass back trajectories reaching BoB 

For more quantitative analysis, the marine environment of BoB is divided into 

four regions; Coast (covering the west coast regions of Indian subcontinent), North 

BoB(>15°N apart from the coastal region), Mid BoB (no NSD data available), and 

South BoB(4-10°N) and air mass type reaching each of these regions were examined. 

The 7-day air mass back trajectories reaching cruise track during sampling as obtained 

from HYSPLIT model are presented in Figure 4.11a to d for the above 4 regions. 

Over N-BoB and close to coastal regions, the air mass originating from Indian 

landmass persists. On the other hand, the air mass back trajectories reaching the mid 

and southern BoB originate from relatively pristine oceanic environments (Figures 

4.11c and d). However, many of these trajectories pass near by western and southern 

coastal regions of India. Also the airflow patterns during this period (Figures 4.2a and 

b) indicate strong flow from western side of Indian landmass towards southern AS to 

northern Indian Ocean and then to BoB which can bring in continental species. The 

high aerosol loading over south AS and southwest BoB can be due to this peculiar flow 

from AS to BoB. 



Chapter 4 

 

133 
 

 

 

 

Figure 4.11. The 7-day air mass back trajectories reaching the sampling locations over 
different parts of BoB (a) North-BoB (b) Coast (C) mid- BoB (D) South- BoB including 
northern Indian Ocean.  

 
4.5.2.3  Aerosol number size distribution over BoB 

From the size-resolved number density measurements, the aerosol NSDs were 

derived and averaged for each of the regions viz. north BoB, south BoB and Coast (for 

mid BoB, no NSD data is available) and shown in Figure 4.12a along with the zoomed 

NSD for fine mode and coarse mode in Figure 4.12b and c. 

 

 

Figure 4.12. (a) NSDs of aerosols over the marine environment of BoB (b) the zoomed 
NSD for fine mode and (c) the zoomed NSD for coarse mode regimes. 
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The NSDs clearly show a multi-modal distribution, with two prominent modes 

one at radius <0.1m and the other ~0-8 to 0.9m as in the case of the NSDs over AS 

(Figure 4.5) and the coastal station TVM (Chapter 3). The second mode is broader than 

that over the AS. The fine mode particle number density is higher for north BoB and 

also over coastal region. The coarse mode number density was comparable over north 

BoB and south BoB up to r≤1.2m as can be seen from Figure 4.12c.  

 

4.5.2.4  Number density of fine and coarse mode aerosols 

As done for AS, the number density was segregated into fine and coarse modes 

and their fractional loading estimated for the cruise track and plotted in Figures 4.13a to 

d. Spatial variation of the number density of fine particles over the BoB (Figure 4.13a) 

follows the same pattern as the total number density (Figure 4.11b) with high values 

over north BoB (>2.0E+08m-3), Indian coast and south/south western regions. 

  

Figure 4.13. Spatial pattern of (a) fine mode number density of aerosols over BoB (b) 
coarse mode number density of aerosols over BoB (c) fine mode fraction in % over BoB 
and (d) coarse mode fraction in % over BoB. 

 
Highest value of ~4E+08 was observed for fine mode towards the Srilankan 

coast. Lowest value was obtained over the south-east region of BoB (4.1E+07m-3). In 

fact, the entire marine environment of BoB was dominated by fine particles (except 
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over SW BoB) rather than the coarse mode particles as revealed by the respective 

fractions presented in Figure 4.13c and d. The fine mode fraction of aerosols over the 

study region contributed upto ~99%. This is possible since the BoB region is more 

prone to continental outflow from anthropogenically active areas due to favourable 

winds during the study period. 

The coarse mode number density ranged from 5E+05 to 1.6E+06m-3 with peak 

values over north BoB and south BoB and near to Srilankan coast. The fine mode 

fraction is high along the coastal regions also. The spatial patterns of coarse and fine 

mode number densities are more or less similar, but those of the fractional loading 

differ (Figure 4.13c and d). While the fine mode fraction shows minimum over SW 

BoB, coarse mode fraction maximizes in this region. However, significant amount of 

both fine and coarse particles exists over north BoB. 

4.5.2.5  Chemical composition of aerosols over BoB: mass concentration and mass 

fractions 

The aerosol mass concentration (mx) of various chemical species over BoB 

along the cruise track and the corresponding mass fractions (mf) are shown in Figure 

4.14a to c. The oceanic regions are also shown on top panel. 

Figure 4.14. Variation of aerosol mass concentration (mx) for various species along the 

cruise track over BoB along with their mass fraction (mf) (The oceanic regions are 

marked on the top panel). 

 
It is to be noted that for most of the species mx and mf exhibit one to one 

correspondence over BoB unlike AS. While mass concentrations of most of the 

continental species (SO4
2-, NH4

+, Al, Ca, BC and K+) showed prominent high over 

north BoB their mass fractions are high over mid and southern parts of BoB. This 

implies that the continental species contribute more to the total loading over these 
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regions. Despite the fact that north BoB was more loaded with anthropogenic aerosols, 

the anthropogenic radiative forcing over BoB during this period remained more or less 

constant, ranging from -3.3 to -3.6W m-2 [Nair et al., 2010], probably due to this. More 

information on the anthropogenic contribution and radiative properties over BoB are 

given in sections 4.5.3 and 4.5.6 respectively.  

4.5.2.6  Correlation of chemical species with fine and coarse number density over 

BoB  

As in the case of AS, a correlation analysis was carried out between mass 

concentrations of various chemical species and the fine mode and coarse mode number 

densities, the results of which are shown in Figure 4.15 along with the respective 

correlation coefficients. Almost all species including crustal species showed positive 

correlation with the fine mode number density over BoB unlike over AS. But with 

coarse mode, only the sea-salt and crustal species showed positive association. This 

indicates highly varying sources of aerosols over BoB. Here it is to be noted that the 

mineral dust over AS has fine mode contribution also, which could be due to aging of 

aerosols transported from the far off arid Arabian region. On the other hand, the 

mineral dust reaching BoB is mostly from nearby IGP region. 

 

Figure 4.15. Scatter plots between the fine mode (PM1) and coarse mode(PM>1) 
number density and mass concentration of different chemical species over BoB along 
with the regression fitted line and correlation coefficients (R) written in each panel. 
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4.5.3  Anthropogenic and natural components of aerosols over BoB and 

AS 

The anthropogenic aerosols, advected across the Indo‐Gangetic Plain (IGP) and 

East Asia, make the BoB one of the highest aerosol laden oceanic regions of the world 

[Satheesh et al., 2002; Moorthy et al., 2003; 2008; Vinoj et al., 2004, Girolamo et al., 

2004, Jethva et al., 2005; Satheesh et al., 2006]. In this section, it is attempted to 

quantify the anthropogenic and natural components in the marine environments of AS 

and BoB by grouping the estimated chemical components according to their sources. 

The total anthropogenic component in aerosols is estimated as the sum of nss-SO42-, 

NH4
+, BC, nss-K, NO3

-, the trace species and a fraction of Particulate Organic Matter 

(POM) which is of anthropogenic origin. The non-sea-salt component of SO4
2- (nss 

SO42) and nss-K+ value estimated by making use of sea water mass ratio of the 

respective species to Na as discussed in section 3.4 of Chapter 3. Since the 

measurement of POM was not done in this cruise, an approximate estimate of POM 

was made based on the measurements of EC, OC and BC by other groups [Sudheer and 

Sarin, 2008; Kumar et al., 2008; Nair et al., 2009] during the same cruise. The estimate 

of the total POM is made as POM=1.6*OC the details of which are discussed in 

Chapter 3 [Turpin and Lim, 2000, 2001].  

The natural component of the aerosol system includes sea-salt (SS) and mineral 

dust (MD) (estimated through equations 3.6 and 3.7 respectively in Chapter 3) along 

with the natural fraction of POM. The POM over the marine environment is of either 

natural or anthropogenic component, produced in situ and/or transported. Over pristine 

oceanic environments, biological activity is a major natural source for organics and 

during low activity period (as the case of the study period) the organic fraction is 10-

15% [O’Dowd and Leeuw, 2007]. However, it is very difficult to delineate the natural 

and anthropogenic portions in POM. In view of the continental influence over AS and 

BoB (as revealed by high concentrations of other tracers of anthropogenic aerosols like 

SO4) 90% of POM is considered to be of anthropogenic origin. Although largely 

uncertain, these estimates may provide order of magnitude levels of natural and 

anthropogenic aerosols over the marine environment of AS and BoB. 

In Figure 4.16a and b is shown the mass concentrations and % contributions of 

the estimated natural and anthropogenic aerosols to the total aerosol mass over BoB 

along the cruise track (presented as a function of date). The anthropogenic component 

outweighs the natural one over the entire BoB. The mean contribution of anthropogenic 

aerosols is estimated as 5816%. Over mid-BoB, contribution of natural aerosols is 
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sometimes comparable to their anthropogenic counterpart (~40-60%). However, the 

anthropogenic contribution is more over south-BoB (varying in the range of 70-90%). 

 

Figure 4.16. Spatial variations in the mass concentrations and percentage 

contributions of natural and anthropogenic aerosols over AS (a and b) and BoB (c and 

d).  

 

In Figure 4.16c and d is shown the variations in the mass concentrations and 

percentage contributions of natural and anthropogenic aerosols over AS estimated as in 

the case of BoB. Unlike BoB, AS shows dominance of natural aerosols during this 

period. Mean percentage contribution of natural aerosols over AS is estimated as 

67±12% while that for anthropogenic is 21.7±9%.  

 

4.5.4  High mass concentration of trace species: Signature of 

anthropogenic activities 

The presence of trace species like Ni, Cr, Ti, Pb, Mn, Co, etc over BoB again 

confirms the continental/anthropogenic influence over this marine region. It may be 

noted that Pb is a marker of vehicular exhaust, Ni of oil combustion and Cu of 

smelting, Mn from ore processing and other metallurgical activities [Pacyna et al., 

2007; Galloway et al., 1982]. In addition to industrial sources, Pb, Mn and Ti have 
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crustal components too. According to global emission estimates Zn and Cu are the 

highest emitted elements from non-ferrous metal production. Cu and Zn may also have 

minor oceanic sources, associated with marine colloids or from soil re-suspension 

[Pacyna and Pacyna 2001]. Spatial variations of the mass concentration of Ni, Cr, Ti, 

Pb, Mn and Co along with their mass fractions are shown in Figure 4.17a to f and g to l 

respectively. The mass concentrations of these species over BoB ranged from 0.0003 to 

0.3g m-3 which is well above the detection limit of the instrument. Significant 

concentrations of all the trace species are measured in the north-BoB region. Over other 

regions, their concentrations are very low and below detection limit of the instrument. 

Their mass fractions also exhibit spatial patterns similar to mass concentrations. 

 

 

Figure 4.17. (a) to (f):Spatial distribution of mass concentration of various trace 
species over BoB and (g) to (l): Spatial distribution of mass fraction of the various 
trace species. 

 

Trace metal species were detected and reported from different oceanic regions. 

Witt et al. [2006] reported mean concentrations for Cu, Ni, and Zn as 0.7ng m−3, 0.18ng 

m−3 and 2.56ng m−3 respectively for remote southern Atlantic Ocean. High metal 

concentrations were observed for Zn (3.23ng m−3), Cu (0.81ng m−3), Sr (2.63ng m−3), 

and Cr (0.53ng m−3), over Cape Verde Atmospheric Observatory, North Atlantic 

[Fomba et al., 2013]. 
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It is also to be noted that the oceanic environment of AS is devoid of these trace 

species (their concentrations were too low and below the detection limit of the 

instrument) hence anthropogenically less influenced. 

 

4.5.5  Region-specific aerosol chemical model for AS and BoB 

 

 

Figure 4.18. The percentage contribution of various aerosol components over different 
regions of AS (a) north AS (b) Coast (c) mid AS (d) South AS  

 

Figure 4.19. The percentage contribution of various aerosol components over different 
regions of BoB (a) north BoB (b) South BoB (c) Coast.  
 

Based on the chemical composition of aerosols, the mean mass concentration of 

the 5 major components (1) Sea-salt (SS) (2) Other Water Soluble Non-sea-salts 

(WSN) (3) Mineral dust (MD) (4) POM (Particulate Organic Matter) and (5) Black 
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Carbon (BC) have been estimated as discussed in Chapter 3 section 3.7. The pie charts 

in Figure 4.18a to d show the mean percentage contribution of each of these 

components over the different regions of AS and Figure 4.19a to c gives the same for 

BoB as pie diagrams. The unaccounted residual fraction of the total aerosol mass 

concentration RF is also shown in the pie charts.  

While sea salt particles contributed more to the total loading of aerosols over 

north AS (48%) and coast (35%), WSN was high over south (39%) and mid AS (36%). 

The contributions from BC and POM were low throughout AS. MD contributed to 37% 

of total aerosols over the south AS. Considerable dust loading can be seen over the 

marine environment of AS (varying from 15% to 37%). About ~13% of aerosol mass 

remained unanalyzed over the north, coast and mid AS, whereas over south AS the 

unanalysed components is ~ 1.2% only. 

The contribution of WSN was found >40% throughout BoB revealing the strong 

anthropogenic influence. The SS contribution was between 10-16% which was low as 

compared to AS (12-49%). Considerable amount of BC (~16%) was found over this 

marine region while POM remained <4% throughout. Contribution of MD is ~25% 

indicating the transport from nearby landmass. Here it needs to be noted that the 

contribution of MD over south AS is also high and a circulation originating from Arab 

regions, passing through western AS and the western cost of India reached south BoB 

(see the air flow pattern in Figure 4.2). While for the north and south BoB, the 

unanalyzed fraction (RF) was negligible/nearly zero; near to Indian coast 6% of aerosol 

mass remained unanalyzed.  

 

4.5.6  Radiative characteristics of aerosols over AS and BoB 

Based on the measured aerosol characteristics over the two oceanic regions AS 

and BoB, the radiative/optical characteristics were estimated by using OPAC model, 

the details of which are given in Chapter 2 and 3. The aerosol scattering coefficient 

(βsc) absorption coefficient (βab), extinction coefficient (βex), Single Scattering Albedo 

(SSA) and the phase function P () estimated as a function of wavelength for each 

region of AS are shown in Figure 4.20a to d. Similarly, the wavelength dependence of 

these parameters for north-BoB, south BoB and coastal region are illustrated in Figure 

4.21a to c. The radiative parameters show regional variations over AS, with maximum 

scattering and extinction coefficient close to coastal region (~0.075km-1) and minimum 

over mid-AS.  
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Figure 4.20. Estimated Spectral variation of (a) aerosol scattering coefficient (βsc) (b) 
absorption coefficient (βab) (c) extinction coefficient (βex) (d) Single Scattering Albedo 
() and the (e) phase function P() for different regions of AS.  

 

Figure 4.21. Estimated Spectral variation of (a) aerosol scattering coefficient 
(βsc) (b) absorption coefficient (βab) (c) extinction coefficient (βex) (d) Single Scattering 
Albedo  and the (e) phase function P() for different regions of BoB.  
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The SSA varied in the range 0.9 to 0.96 over AS. It is low and strongly 

dependent on wavelength over mid and south AS. Compared to AS the scattering, 

absorption and extinction coefficient are higher over BoB (extinction coefficient 

reaching up to 0.14km-1) and highest over north-BoB. The mean scattering coefficient 

for south-BoB was 0.062km-1 and over north-BoB is 0.12km-1. In general, SSA is lower 

over BoB being 0.84 to 0.885 indicating the abundance of absorbing aerosols there. But 

SSA remained more or less same over north and south-BoB, but showed less values 

~0.84 close to coastal region.  

Phase function also exhibited regional differences. Estimates of SSA over AS 

and BoB made during various campaigns are available in literature. The SSA estimated 

over BoB based on the measurements using nephelometer and aethalometer varied from 

0.96 to 0.84 over BoB and the nephelometer based measurements showed the scattering 

coefficient in the range 0.025 to 0.2km-1 with high values over north and least over 

south east BoB [Nair et al., 2008].  

During INDOEX the mean SSA over AS and BoB were 0.93 and 0.83 

respectively [Ramachandran, 2005]. At the KCO observatory SSA was found to be 

~0.92 [Satheesh et al., 2004]. Vinoj et al., [2001] estimated SSA value of 0.90 over AS 

and 0.86 over BoB based on the columnar AOD measurements by MODIS.  

 

4.6  Summary 

This chapter deals with the spatial features of aerosol number density (N), 

number density size distribution (NSD), mass loading (ML) and mass concentrations of 

various chemical species measured over the marine environment of Arabian Sea (AS) 

and Bay of Bengal (BoB) during pre-monsoon. Based on the measurements of chemical 

composition of aerosols, region specific first-cut chemical models were evolved for AS 

and BoB which were used for the estimation of the radiative characteristics of aerosols 

namely scattering coefficient (βsc) absorption coefficient (βab), extinction coefficient 

(βex), SSA () and the phase function P(). 

Table 4.2 gives a comparison of the major aerosols characteristics over AS and BoB as 

revealed from this study. 

 

 

 



Chapter 4 

 

144 
 

Parameter Arabian sea Bay of Bengal 

Mean aerosol number density (N) 6.8E73.56E7 1.24E86.0E8 

PM1 6.6E73.6E7 1.20E86.0E8 

PM>1 

ML 

1.8E61.4E6 

35.116.7 

6.8E54.2E6 

38.321.8 

SO4 4.61.8 8.53.9 

NO3 2.91.7 3.82.8 

NH4 0.40.2 1.91.1 

Na 4.64.5 2.01.4 

Cl 3.64.1 1.31.1 

Mg 0.70.3 0.40.2 

K 0.50.1 0.70.3 

Ca 1.30.8 1.20.6 

Fe 0.60.3 0.70.4 

Al 0.50.2 0.60.3 

Natural component (%) 811  3716 

Anthropogenic component (%) 21.79 6417 

Scattering coefficient at 0.5µm 0.05±0.02 0.08±0.04 

Absorption coefficient at 0.5µm 0.003±0.001 0.01±0.004 

SSA  0.93±0.02 0.87±0.02 

 
Table 4.2. Comparison of the major aerosol characteristics over AS and BoB. 

 
The results can be summarised as given below.  

1) As compared to AS, BoB was found to be anthropogenically more affected in view 

of aerosols number density, mass loading and mass concentrations of anthropogenic 

species like SO4
2-, NO3

-, NH4
+ etc. Considerable amount of trace species like Ni, Cr, Ti, 

Pb, Mn, Co, etc was found over BoB. Both fine mode and coarse mode number density 

of aerosols over BoB are one order higher than those over AS. The high aerosols 

loading over BoB is reflected in the scattering and extinction coefficients also. 

2) Associated with an anti-cyclonic flow, both N and ML showed low values over AS 

as well as BoB. 

3) While aerosols of natural origin like sea-salt, mineral dust etc dominate over AS, 

continental species contribute more over BoB. The mean % contribution of 

anthropogenic aerosols over AS is estimated as ~21%, whereas that over BoB is ~64%.  

4) Considerable amount of mineral dust was observed in both the oceanic regions 

(15-37% over AS and ~25% over BoB) revealing long range transport form arid/semi-

arid regions and near-by land mass. 

5) Aerosols of size >1m (PM>1) showed an exponential increase with wind speed 

over AS. The number density of large sized particles increased faster with wind speed. 
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6) Correlation   analysis of size-resolved number density with mass concentration of 

various species showed that the anthropogenic species exists mostly in fine mode and 

marine species in coarse mode. Mineral dust (Fe and Al) was found to be in both fine 

and coarse mode over AS. Almost all species including crustal species showed positive 

correlation with the fine mode number density over BoB. The dominence of fine mode 

fraction over AS is partly due to the presence of crustal species like Fe, Al etc in fine 

mode. 

7) The SSA varied in the range 0.9 to 0.95 over AS and 0.84 to 0.885 over BoB 

indicating the presence of more absorbing aerosols over BoB.  
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Winter-time aerosol characteristics over the 
Bay of Bengal: Transport pathways and 
continental influence 

 

5.1 Introduction 

Continental outflow over to oceanic regions has been a topic of interest in view 

of pollution transport and their localized radiative forcing impacts [Ramanathan et al., 

2001; Satheesh et al., 2006]. Bay of Bengal (BoB) has its peculiar geographic 

surroundings with inhabited landmass on three sides and acting as an outflow region for 

pollution from Indo Gangetic Plains (IGP) which is one of the largest river basins in the 

world with >40% of Indian population residing over there. Being downwind to highly 

aerosol laden IGP and East Asian (EA) regions, the BoB is known to experience 

contrasting influence of the outflows from these two regions [Nair et al., 2009; 

Moorthy et al., 2009; Lawrence and Lelieveld, 2010]. The winter season with its 

characteristic north/north easterly air flow, is the most conducive period for transport of 

aerosols and trace gases over to BoB. 

In Chapter 4 of this thesis is presented the results of the cruise-based study on 

the aerosol number density- size distribution, mass loading and chemical nature of 

aerosols as observed by simultaneous and collocated measurements over BoB during 

pre-monsoon. This chapter focuses on the spatial variation of total aerosol mass loading 

and mass concentration of various chemical species in aerosols over BoB during the 

winter season with a view to identify the major sources of aerosols over this wide 

oceanic environment, the transport pathways/mechanisms and to delineate the natural 

and anthropogenic contributions, based on the ship-borne measurements. These 

measurements form part of the second phase of ICARB conducted during winter (called 

W-ICARB). In this campaign, measurements were carried out over SE-BoB for the first 

time. A case study of wind induced production of marine aerosols and rain deposition 

of various species during a rain event occurred during the cruise is also addressed here. 

It is also attempted to evolve a first-cut chemical model of aerosols for the BoB region 

for this particular season and to estimate the radiative properties based on this model. 
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The following sections present the details of cruise track, the prevailing 

meteorology, instruments and data followed by the observational results. 

 

5.2 Cruise track 

 

 

Figure 5.1. Cruise track of ORV SagarKanya (Cruise No: SK 254) during the W-

ICARB campaign with the arrows denoting the direction of movement of the ship and 

the pink lines denoting the distance travelled when aerosol sampling was done. 

 

W-ICARB was conducted during the period 27 December 2008 to 30 January 

2009. Figure 5.1 shows the cruise track of Oceanic Research Vessel (ORV) Sagar 

Kanya (Cruise No: SK 254) during the campaign. The cruise started on 27 December 

2008 from Chennai port (13.09°N; 80.29 °E marked as A in Figure 5.1). From there, the 

ship travelled north upto 16°N and then moved southward along 83ºE latitude. By 

making several longitudinal (85ºE, 87ºE, 90ºE) and latitudinal transits (along 9°N and 

12°N) it covered most of the northern part and mid-BoB (21°to 12°N). On 9 January 

2009 the ship entered the eastern side of BoB (marked as B) and after sailing close to 

Myanmar and Thailand coast, it reached Port Blair (11°N, 93°E) on 16 Jan 2009 (C), 

from there it travelled further south and made few more longitudinal and latitudinal 

scans over south-BoB. For the first time, in-situ measurements were carried out over 

the south east BoB. The cruise ended at Cochin on 30 January 2009 (D) after moving 

close to Sri Lanka. The orange lines through the tracks show the distance travelled by 

the ship when the aerosol sampling was going on. The sampling time varied from 2-6 

hours, depending on the oceanic region (remote and pristine regions need more 
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duration). During this cruise, the ship travelled a total distance of ~13900km, in 34 

days, within the latitude-longitude sector 3.4ºN - 21ºN and 76ºE - 98º E, on an average 

covering a distance of ~408 km per day.  

 

Figure 5.2. Meteorological conditions prevailing over the cruise period (a) Average 

wind pattern at 925 hPa obtained using NCEP/NCAR Reanalysis data (b) 

Meteorological parameters corresponding to the sampling time as obtained from AWS 

onboard ship. 

 

5.3 Meteorology 

During the cruise, the prevailing air flow over Indian subcontinent is 

predominantly north-easterly/ northerly as seen from the mean air flow pattern (Figure 

5.2a) at 925 hPa obtained using the NCEP/NCAR Reanalysis data 

(http://www.noaa.gov/ready-bin/fnl.pl). This favours advection of air mass and hence 

the pollutants over to this oceanic environment. Also different parts of BoB receives air 

masses from distinctly different continental locations (as seen from the wind direction) 

implying the possibility of finding chemical species originating from different regions 

to be present over BoB. Northern part of BoB receives weak northwesterly winds from 

highly polluted IGP while the southern and south-eastern region was mainly affected by 

strong winds of speed 6-10m s-1 from south-east Asia. In mid-BoB the winds were 

mostly easterly and weak. An automatic weather station (AWS) on board the ship 

continuously recorded the meteorological parameters pressure, temperature, relative 

humidity (RH) and wind speed along the cruise track. Figure5.2b shows the mean 

values of these parameters corresponding to the sampling time and along the cruise 
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track presented as a function of date. The temperature and pressure ranged from 23̊ C to 

27°C and 1004hPa to 1012hPa respectively. RH, which is an important parameter 

whose variation readily influences the growth of hygroscopic particles, varied from 

55%-90% during the campaign, being high towards south-BoB. Correspondingly, 

temperature showed high and pressure dropped. The wind speed (corrected for ship 

speed and direction) was between 5ms-1 and 10ms-1 throughout the cruise period except 

for few days when the sea was extremely calm (with wind speed was 2ms-1 to 3ms-1) 

when the ship cruised through north-BoB and wind speed increased up to 14ms-1 when 

the ship was traversing through south-BoB. During the cruise, except for the rain event 

occurred on January 18, the weather was calm and clear. All these parameters directly 

or indirectly affect the physical, chemical as well as the thermo dynamical properties of 

aerosols. 

5.4 Instrumentation and Database 

The High Volume aerosol Sampler, model GH2000 of Graseby Anderson, USA 

was operated at the front deck of the ship for collecting the aerosol samples. Sampling 

technique, calibration and gravimetric calculation of mass loading is explained in 

Chapter 2 and 3. During the W-ICARB cruise, about 101 samples were collected from 

the marine environment of BoB, uniformly spread over the track. Quantitative estimate 

of the major inorganic species in each sample has been made by carrying out the 

chemical analysis of the collected aerosol samples using Ion Chromatograph, 

Inductively Coupled Plasma-Atomic Emission Spectroscopy and Atomic Absorption 

Spectroscopy. Apart from this, the Black Carbon data collected along the track, using 

the Aethalometer (model AE 31 of Magee Scientific, USA) was also used in the present 

study. The details on the aerosol sampler, analytical techniques and calibration of the 

instruments and the uncertainties are discussed in Chapter 2. 

5.5 Aerosol spatial characteristics over BoB during winter 

5.5.1 Aerosol mass loading 

The variation of total aerosol mass loading ML along the cruise track, on day-to-

day basis and the spatial map of mass loading generated with Surfer software is shown 

in Figure 5.3a and b respectively. 
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Figure 5.3. (a) Variation of ML along the cruise track (on day to day basis). Regions 

where ship cruised while sampling was done are also marked in the figure (b) Spatial 

pattern of ML (in µg m-3) over BoB. 

  

The respective region of BoB where the ML measurements were done is also 

marked in Figure 5.3a. The ML values during the cruise period (winter season) ranged 

from a maximum of 139g m-3 to a minimum of 12g m-3 with a mean value of 53 

29g m-3. Mean values are significantly higher than the oceanic background levels 

[Prospero et al., 1989; Savoie et al., 1994; Johansen et al., 2000; Bates et al., 2002; 

Eleftheriadis et al., 2006].  

Two extremely low values of 4 and 6g m-3 were observed over south-BoB 

consequent to the rain event and this aspect is discussed separately in Section 5.10. In 

general, high aerosol mass loading was observed throughout BoB with highest values 

over north-BoB with an average of 88 ± 26g m-3 indicating high levels of pollution. 

Comparitively less loading of about 45 ± 21g m-3 was measured over mid-BoB where 

an anticyclonic flow prevailed (Figure 5.2a). An interesting feature observed during this 

campaign was the relatively high aerosol mass loading (55 ± 9g m-3) over southeast-

BoB, a region unexplored earlier. The spread of aerosol loading far into ocean (red and 

yellow colour in Figure 5.3b) clearly reveals the signature of continental outflow from 

nearby landmass to the ocean, extending to several kilometres. The wind pattern 

discussed in Section 5.3 also indicates the transport from IGP to north-BoB and East-

Asia to southeast-BoB. Moreover, the high aerosol loading over this marine region 

during winter can be partly due to the peculiar meteorological conditions with shallow 

boundary layer and less ventilation, characteristic of the season, confining the 

pollutants to lower altitudes [Subramanyam et al., 2011]. 
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 Based on the observed spatial features of aerosols, the study region is 

divided into 5: the north-BoB (16 ̊N to21°N;86 ̊E to 93°E), the coastal side of west BoB 

from Chennai (13.18°N, 80.30°E) to Paradip (20.30 ̊N, 86.55 ̊E), the mid-BoB (12ºN-

16°N and 83ºE-90°E), the southeast-BoB(3ºN-14°N and 93ºE-98° E) and the south-BoB 

(3ºN-9°N and 78ºE-92°E).  

 

 

Figure 5.4. 7-day back trajectories of air mass reaching at 100m above surface at 

aerosol sampling points (marked as red) for the five regions (a) North (b) Coast (c) 

Mid (d) South-East and (e) South selected over BoB. 

 

Figure 5.4 shows the 7-day back trajectory of air masses reaching different 

regions of BoB, at an altitude of 100m above the sea surface (within marine boundary 

layer), during the cruise period. The air mass back trajectories were obtained by 

running HYSPLIT (Hybrid Single Particle Lagrangian Integrated Trajectory) model 

[Draxler and Rolph, 2003], for the respective mean position of the ship during the 

sampling period of each sample.  

Northwest and north-BoB receive air masses from the IGP and Central India 

which will bring highly polluted air containing anthropogenic and crustal species 

(Figure 5.4 a,b). Air mass reaching the mid-BoB was long range transported from the 

northern side of India (Figure 5.4c).The southeast-BoB receives air mass from the East 

Asia (Figure 5.4d), the high loading observed over this region could be from this region 

having specific sources of biomass burning and anthropogenic activities like 

combustion burning and industrial emission [Russo et al., 2003; Sahu and Sheel, 2013]. 
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The air mass reaching south-BoB originates from the coastal sites of East Asia 

(Figure 5.4e) including Myanmar and travels long distance through the oceanic regions 

and hence both marine as well as continental species can be present. Strong winds 

(Figure 5.2) results in the production of sea-salt species leading to more aerosol mass 

loading over this region. The wind induced sea-salt production is discussed in Section 

5.8. The spatial patterns of various chemical species, discussed in following sections, 

throw more light on the sources of aerosols reaching different regions of BoB. 

 

5.5.2 Mass concentration of various chemical species over BoB 

Species Coast North-BoB Mid-BoB Southeast-BoB South-BoB 

ML 80.7±31 88±26 45±21 55±9 36.9±10 

Na 1.4±.7 4.1±3.3 3.1±3.2 3.9±2.3 4.1±2.2 
K 1.1±.4 1.9±0.6 0.7±0.29 0.4±0.2 0.3±0.1 

Mg 0.2±0.06 0.4±0.2 0.3±0.29 0.3±0.2 0.3±0.2 

Ca 1.5±0.4 1.7±0.5 0.9±0.29 0.6±0.2 0.5±0.2 

NH4 7.2±1.3 6.2±1.9 1.6±1.55 1.5±0.8 0.9±0.3 

Cl 0.7±0.6 2.6±3.5 1.7±3.1 3.2±2.5 4.6±3.4 

NO3 5.2±3.1 7.3±3.5 1.7±0.4 2.3±1.4 2.1±0.9 
SO4 16.7±3.7 19.4±5.1 6.9±2.5 6.7±4.4 4.8±0.3 

Fe 1.0±.4 0.9±0.4 0.5±0.3 0.2±0.1 0.3±0.4 
Al 0.7±0.2 0.6±0.5 0.5±0.2 0.2±0.08 0.1±0.1 
nss-SO4 16.45±3.6(98%) 18.55±5(96%) 6.13±2.5(89%) 5.61±4.2(84%) 3.6±1.02(75%) 
nss-K 1.04±0.4(97%) 1.77±0.6(93%) 0.60±0.2(84%) 0.27±0.1(63%) 0.12±0.07(45%) 
nss-Ca 1.42±0.4(97%) 1.59±0.5(92%) 0.77±0.2(87%) 0.45±0.2(74%) 0.3±0.1(65%) 
ss-SO4 0.26±0.2(2%) 0.87±0.8( 4%) 0.77±0.8(11%) 0.97±0.5(14%) 1.04±0.5(22%) 
ss-K 0.04±0.2(4%) 0.13±0.12(7%) 0.11±0.1(16%) 0.14±0.08(34%) 0.15±0.08(55%) 
ssCa 0.04±0.3(3%) 0.13±0.1(8%) 0.12±0.1(13%) 0.15±0.08(25%) 0.16±0.08(35%) 
      

 

Table 5.1. Mean mass concentration (in µg m-3) of various chemical species along with 

that of the sea-salt and non-sea-salt components of SO4, K and, Ca over the five 

regions of BoB. The % contribution of ss and nss components are shown in parenthesis. 

 

The chemical analysis of the 101 aerosol samples collected during the cruise has 

provided the quantitative estimate of 7 anions namely F-, Cl-, Br-, NO2
-, NO3

-, PO4
2-, 

SO4
2- and 5 cations Na+, Mg+, Ca2+, NH4

+ and K+ along with the metallic species  Fe 

and Al. As discussed and explained in earlier chapters, Cl- and Na+ are mostly of 

oceanic origin, Fe and Al of crustal, K+ is from biomass burning and SO4
2- and BC are 

tracers of anthropogenic activities. Table 5.1 lists the mass concentration of various 

chemical species measured over the marine environment of BoB during winter. The 

spatial variation of mass concentration of all species are presented and discussed in the 

following sections. These spatial patterns along with the airflow pattern/ air mass back 
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trajectories help in identifying the potential source regions of aerosols over this marine 

environment. 

 

5.5.2.1 Spatial pattern of oceanic species 

Spatial pattern of the ocean-derived chemical species like Na+, Cl-, Mg+ (Figure 

5.5a,b,c) show similar spatial pattern, with high over the mid, south and south-west 

BoB. But this pattern is different from the distribution of total aerosol mass loading ML 

(Figure 5.3b) indicating that the aerosol distribution is species dependent. 

 

Figure 5.5. Spatial distribution of mass concentration of oceanic species Na, Cl and 

Mg in µg m-3. 

These oceanic species showed very low values towards the north-BoB and 

western coastal regions, where overall aerosol loading was high but wind speeds were 

very low (Figure 5.3b and 5.2). Moreover, these patterns differ from those of 

anthropogenic species (shown in Figure 5.6). Mass concentration of Cl- ranged from 0.1 

to 25g m-3 with a mean value of 3 ± 2g m-3 and Na+ ranged between 0.1 to 13g m-3 

and Mg+ 0.2 to 1.4g m-3. High mass concentrations of these oceanic species over 

south-BoB are attributed to the high wind (speed >10m s-1) blowing over this region 

(Figure 5.2b) and this aspect is discussed in detail in section 5.8.  

 

5.5.2.2 Anthropogenic species over BoB 

The mean mass concentration of anthropogenic species SO4
2-, NO3

-, NH4
+ and 

BC observed over BoB were 8.8±6.3g m-3, 3.1±2.6g m-3, 2.40±2.3g m-3 and 

2.41±1.7g m-3 respectively. The spatial maps of these anthropogenic components are 

shown in Figure 5.6. The abundance and the seaward extent of the loading of these 

species (shown in red and yellow colours) clearly show their intrusion from the 

anthropogenically active landmass and the coastal regions to a fairly long distance of 

oceanic environment (few hundred kilometres). Peak concentrations of anthropogenic 
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species are observed over the north-BoB, the mean concentration being 19.5g m-3 for 

SO4
2-, 6.5g m-3 for NH4

+,7.7g m-3 for NO3
- and 5.5g m3for BC. This is attributed to 

the transport from the highly polluted IGP regions as revealed from the wind pattern in 

Figure 5.2a and the air mass back trajectories reaching north-BoB (Figure 5.4). A hot 

spot is seen for SO4
2- near the port of Chennai (marked as A in Figure 5.1), a 

metropolitan city and a major port. 

 

 

Figure 5.6. Spatial distribution of mass concentration of  anthropogenic species SO4
2-, 

NO3
-, NH4

+ and BC (in µg m-3) along with K (tracer for biomass burning) over BoB. 

 

Another notable feature is that these species show dominance over southeast-

BoB also, even though their mass concentrations (8.5g m-3 for SO4
2-, 1.6g m-3 for 

NH4
+, 2.5g m-3 for NO3

- and 2.9g m-3 for BC) are less than those over north-BoB. 

The air mass reaching this region is of different type since their origin is Southeast 

Asia, as seen from trajectories shown in Figure 5.4. The spatial distribution of NO3
- is 

more or less similar to the other components but it shows more spread towards 
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southwest-BoB (coast) probably due to diverse sources of this species, which include 

biomass burning, fossil fuel combustion, industrial processes, soil re-suspension etc. 

Moreover high levels of NO2 emissions are observed along the international ship route 

along ~6º N latitude. Also, NH4
+ is observed high close to coastal regions and very low 

over southern and mid BoB, probably due to the short life time of this species. 

The major source of K+ is biomass burning, with soil dust, sea-salt, coal fire and 

industrial activity as secondary sources [Zhang et al., 2013; Zong et al., 2016]. The 

mean concentration of K+ over BoB is observed as 0.65±0.5µg m-3. It peaked over 

north BoB and extends a fairly large distance to the oceanic environment. Southeast-

BoB lying in the downwind region of Southeast Asia also shows relatively high values 

of K+ (0.35 to 0.75µg m-3). 

As K+ has sources other than biomass burning, a ratio of K+ to BC is a better 

measure than the concentration of K+ alone to identify the source [Andreae and Merlett, 

2001]. K+/BC values between 0.1 and 0.6 are suggested to identify biomass burning 

[Andreae and Merlett, 2001]. K+/BC ratio of ~0.5 and 0.3 are observed over north and 

south-BoB respectively, indicating dominant contribution of biomass burning emissions 

transported to these regions. This analysis again highlights the intense pollution of 

north-BoB and moderate pollution over southeast-BoB by aerosols from near-by 

continents. While the trace gases like O3 and CO showed comparable mixing ratios 

over north BoB and southeast-BoB [David et al., 2011; Girach and Nair, 2014] aerosol 

loading over southeast-BoB was lower than that over north-BoB. 

 

5.5.2.3 Crustal species over BoB: Fe enrichment in soil dust 

Significant amount of Al and Fe source of which is soil dust were detected in 

the samples collected over BoB region with maximum values close to the eastern coast 

of India as seen from Figure 5.7. Unlike the anthropogenic species, concentrations for 

Fe and Al are less prominent over north-BoB. And the noticeable hotspots in crustal 

species were away from the Indian coast (centered on 16 N, 85 E) and protruding to 

the mid-BoB. These hot spots are not due to direct advection from the near-by land 

mass. Such isolated high can occur when long range transport of air mass from 

arid/semi-arid regions becomes strong and subsequent subsidence occurs at isolated 

regions. Analytical studies done earlier have shown that long range transport of air 

mass from IGP over to BoB and localised downdrafts and convergence leading to piling 

up of aerosols, away from coast which has resulted in high aerosol optical depths 

[Aloysius et al., 2008; Prijith et al., 2012]. During the present study, the airflow pattern 
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also reveals presence of transport over to BoB (Figure 5.2). The isolated high in crustal 

species Fe and Al is an evidence of long-range transport of mineral/soil dust to this 

oceanic region. Over south-BoB notable levels of Fe and Ca are observed but Al is not 

observed, suggesting different types of soil dust present over here. 

 

Figure 5.7. Spatial variation of mass concentration of crustal species Fe, Al and Ca in 

µg m-3over BoB. 

 

Figure 5.8a shows the scatter plot between Fe and Al along with the straight line 

representing the best fit obtained by linear regression analysis. It is clear that Fe and Al 

are well correlated (with correlation coefficient of 0.88 as shown in the figure) 

indicating that both species have same or similar sources, which is soil in this case. The 

slope of the best-fit line yields the Fe/Al mass ratio as 1.15 which is well above the 

mean crustal ratio 0.44 [Taylor and McLennan, 1995]. These high ratios indicate 

enrichment of Fe in the soil over Indian region. Earlier studies over the land also have 

revealed this feature with 1.4±0.4 over coastal site Thiruvananthapuram and 1.7±0.2 

over Kharagpur [George et al., 2008, 2011]. 

 

Figure 5.8. Scatter plot of (a) Al against Fe and (b) Al against Ca. 
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A scatter plot of Ca, which is mostly of soil origin, against Al is shown in 

Figure 5.8b along with the best fit line.  

The slope of the best fit line in Figure 5.8b gives the Ca/Al ratio as 0.87 with a 

correlation coefficient of 0.68, suggesting soil dust as a major source of Ca. The ratio is 

also higher than the global mean upper crustal ratio (which is 0.38). The study 

conducted over BoB during pre-monsoon season also gives a Fe/Al ratio of 1.1±0.2 

which is comparable to the present study while the Ca/Al ratio 1.7±0.4was higher. 

Table 5.2. Fe/Al ratio measured over Indian landmass and the adjoining marine 

environment. 

Table 5.2 presents the Fe/Al and Ca/Al ratio measured over Indian landmass 

and the adjoining marine environments. The high Fe/Al ratios reveal that aerosols over 

these regions are enriched with Fe. 

5.5.2.4  Carbonaceous aerosols 

The carbonaceous aerosols comprising of EC or BC and organic species form 

major contributor to the total aerosol content in all geographical areas and measurement 

of these species in the tropical oceanic regions is sparingly done. In the absence of 

measurements of organic species, the organic fraction of aerosols is often estimated by 

making use of empirical relations involving BC or EC and OC as discussed in Chapter3 

and 4. BC data from aethalometer operated in this cruise [Babu et al., 2012] along with 

OC and EC data collected during the same cruise by Srinivas et al. [2011] is used in the 

present study. The total Particulate Organic Matter or POM is estimated as POM =k * 

OC [Turpin and Lim 2001; Xing et al., 2013], where k is the average organic molecular 

weight per carbon weight which have values from 1.2 to 2.6 depending on sources. 

Turpin and Lim, [2001] suggested that aerosol heavily impacted by biomass burning 

Region Period of 
study 

Fe/Al Ca/Al Reference 

Thiruvananthapuram 2003-2005 1.4±0.4 1.7±0.5 George et al., 2011 

Bay of Bengal March-April 
2006 

1.10.2 1.80.5 Nair et al., 2014 

Arabian Sea April-May 2006 0.51±0.05 0.89±0.27 Kumar et al., 2008 

Mt Abu Jan07-Feb07 0.6±0.14 1.1±0.3 Kumar and Sarin 
2009 

Bombay  March-
May2001 

0.57±0.3 1.2±0.3 Venkataraman et al., 
2002 

Ahmedabad Dec2006-
Jan2007 

0.53 1.15 Sudheer and 
Rangarajan 2012 

Kharagpur (IGP) Dec 2004 1.7±0.2 1.7±0.3 George et al .,2011 

 BoB Jan2009 1.15 0.87 Present study 
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can have a higher organic matter to organic carbon ratio (2.2–2.6). In this analysis, in 

view of the fact that BoB is highly impacted by biomass burning as revealed by the 

high mass concentration of K and the K/BC ratio (Section5.5.2.2), k value of 2.4 is 

used to estimate POM. This is higher than that used for TVM in Chapter 3 and for BoB 

in pre-monsoon (Chapter 4). 

 

Figure 5.9. Variation of BC, OC and POM along the cruise track (day to day basis). 

 

In Figure 5.9 is plotted the day-to-day variation of BC, OC and POM, along the 

cruise track with different regions marked in the top panel. It is seen that all the carbon 

containing species also peaked over north-BoB (peaks corresponding to Jan 01 to 03 

and 06 to 07) with maximum values of ~8g m-3 and 20g m-3 for BC and OC 

respectively, POM showed maximum upto 46g m-3 over north-BoB. The spatial 

pattern of BC is also shown in the figure. The prominent peak in BC appears over 

north-BoB. It also shows secondary high over southeast-BoB, where the arrival of air 

mass is from southeast Asian region (where regions of biomass burning/frequent forest 

fire exists). The BC measured over BoB is extremely high reaching 8g m-3 over north-

BoB with the mean value being 2.5±1.2g m-3. This is comparable to those over 

polluted urban locations like Ahmedadad (0.21-10.02g m-3) [Ramachandran and 

Rajesh, 2007], Hyderabad (0.5-16g m-3), Mumbai (12.4±5.6g m-3), Beijing (8.7-

10.1g m-3) and Seoul (4.86-9.86g m-3), again revealing the continental pollution of 

marine environment.  
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5.6 Chlorine depletion 

From the spatial pattern of Cl- (Figure 5.5) an important feature observed is the 

extremely low values at several locations particularly close to coastal areas and north-

BoB. This chloride deficit was found to be correlated with the proximity to continental 

landmasses and the concentrations of acidic pollutants such as SO4
2- and NO3

- [Sturges 

and Shaw, 1993]. Recent studies have shown that Na+ in aerosols may contain a minute 

fraction of crustal component given as 0.1 MAl where MAl denote the mass 

concentration of Al in aerosol sample [Chiapello et al., 1999]. This crustal fraction was 

estimated and subtracted from the mass concentration of Na+ to get the sea-salt Na+. A 

scatter plot of sea-salt Na+ and Cl- is shown in Figure 5.10 along with the best-fit line 

which has a slope of 1.10±0.07 with correlation coefficient of 0.85. The low Cl-/Na+ 

ratio presented by the slope implies that considerable chloride depletion has occurred. 

Depletion arises due to the reaction of Cl- with the acidic species SO4
2- and NO3

- 

liberating HCl thereby producing halogen radicals [Clegg and Brimblecombe, 1985]. 

 

Figure 5.10. (a) Scatter plot of Na Versus Cl (b) Percentage Cl deficit (%) along the 

cruise track, with the regions marked. 

 

The reaction sequence is envisaged as reaction of H2SO4 or HNO3 with sea-salt 

particles releasing HCl in gaseous form, for example, 

H2SO4(g) +2NaCl (p)=2HCl (g) +Na2SO4(p) 

HNO3+NaCl=HCl+NaNO3   5.1 

where g and p denote gaseous and particulate (solid) phase.  

The chloride deficit in aerosol samples (compared to seawater) is estimated from 

the measured concentrations of Na+ and Cl- as [Quinn et al., 2000], 
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where 1.8 is the ratio of concentrations of Na+ and Cl- in sea water. 

The estimated Cl- deficit for each sample is shown in Figure 5.10b. The values 

ranged in between 10% to 98% with highest deficit observed over the north-BoB which 

is strongly influenced by the outflow from IGP region (Section5.3) where the 

anthropogenic species SO4
2- also showed highest values (Section 5.5.2.2). For few 

samples, the Cl- deficit percentage is less than 40% which mostly correspond to the 

south-BoB, where the winds were strong resulting in production of sea-salt aerosols. 

Over the southeast-BoB substantially influenced by the polluted air mass from South 

East Asia, ~70% of chlorine depletion was observed. Such depletion has been reported 

from many other polluted environments also [Johansen et al., 2000; Quinn et al., 2000; 

Eleftheriadis et al., 2006]. Most of the oceanic environments show percentage Cl-

depletion > 50% with seasonal dependence attributed to various causes. Johansen et al., 

[1999] observed Cl- deficit of 15±9% for inter monsoon over the northern Indian 

Ocean. Observations over South China Sea showed a size dependent chlorine depletion 

with finer particles (86%) getting depleted more than coarse mode (29%). Studies over 

Arctic, Mediterranean and Arabian Sea showed a seasonal dependence of chlorine 

depletion decided by the pollution level of the environment. The mean percentage 

depletion over BoB also showed seasonal variation with comparatively higher depletion 

for winter season (present study) than the pre-monsoon period which is 65.7 ±23.3% 

[Nair et al., 2014]. This seasonal difference arises due to the difference in concentration 

of acidic species like SO4
2-, of both natural and anthropogenic origin. 

 

5.7 Sea-salt (ss) and non-sea-salt (nss) components 

Even though sea-salt (ss) is a major constituent of oceanic aerosols, the 

intrusion of continentally influenced species to the oceanic environment due to 

transport demands the delineation of sea-salt (ss) and non-sea-salt (nss) component in 

the specific oceanic environment. It is also known that the chemical species like SO4
2-, 

Ca2+, Mg+ and K+, have both ss and nss fractions. The ss and nss fractions of each of 

these species are estimated based on equation 3.4 in Chapter 3.The spatial variations of 

the mass concentrations of both ss and nss components are shown in Figure 5.11. The 

mass concentrations of nss components are 3-5 times that of ss counterpart as can be 

seen from Figure 5.11, thus revealing the dominance of nss components throughout 
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BoB. The nss-SO4
2- is the major tracer for anthropogenic activity and nss-K+ is that of 

biomass burning. The spatial patterns of the nss components of all these species (Figure 

5.11) are more or less similar to that of anthropogenic or crustal species (Section 

5.5.2.2 and, Figure 5.6 and 5.7). The percentage contribution of the nss components 

(Mnss/mx) of all the major species are also listed in Table 5.1. The contribution of nss-

SO4
2- ranges from 95-98% over north-BoB and coastal regions, reduces to 88% over 

mid BoB and 74-83% over south and southeast-BoB. 

 

 

Figure 5.11. Spatial variation of mass concentration of sea-salt and non-sea-salt 

components of various species over the marine environment of BoB in µg m-3. 

 

Another striking feature is that the spatial patterns of all the ss components of 

Ca2+, K+, Mg+ and SO4
2- estimated show patterns similar to that of Na+, Cl- and Mg+ (as 

seen in Figure 5.5) with highest levels over south-BoB and minimum over coastal 

regions and north-BoB. Apart from the individual species, an approximate estimate of 

total sea-salt component (Mss) in the marine environment has also been made by using 

Na+ as the reference species for sea-salt as [Quinn et al.,2002], 

Mss= MCl+1.47×MNa      5.3 

where 1.47 is the sea water ratio of (Na++Mg++Ca2++K++SO4
2-+HCO3

-)/Na+ 

and the non-sea-salt component Mnss is estimated as, 

Mnss = ML - Mss     5.4 

In Figure 5.12a is given the variation of Mnss and Mss along the cruise track 

(date wise) and Figure 5.12b depicts the percentage contribution of Mnss and Mss over 

the cruise region. The dominance of nss aerosols over the marine environment of BoB, 

in particular the northern parts is clear, with the highest values of about 120µg m-3 



 Chapter 5 

  

162 
 

which contributed upto ~99% of total mass loading. Southeast part of BoB (where the 

ship was cruising from Jan11 - 18), anthropogenically influenced from the potential 

source regions of East Asia, was observed with an average of 80% nss component. As 

the cruise proceeded to southern part of BoB, away from the source regions, the nss 

contribution started decreasing with percentage values lying between 70 and 40% and 

the ss contribution started increasing. 

 

Figure 5.12. (a) Variation of total sea-salt (dotted lines) and non-sea-salt (solid 

line) component and (b) Percentage contribution of total sea-salt and non-sea-salt over 

the cruise region. 

Throughout BoB, the nss component of aerosol mass varied from 40-99% apart 

from the very low values seen on 19 January which is due to a rain event. In pre-

monsoon season also, BoB is dominated by nss component, varying from 41 to 95% 

[Nair et al., 2014]. 

 

Figure 5.13. (a) Variation of natural and anthropogenic component in aerosols over 

BoB and the (b) Percentage contributions of natural and anthropogenic components. 
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The mass concentrations of the natural and anthropogenic components in 

aerosols and their percentage contributions in winter season over BoB were estimated 

as discussed in Section 4.5.3 of Chapter 4 and presented in Figure 5.13. Dominance of 

anthropogenic component is seen throughout BoB with highest values over north-BoB. 

The percentage contribution of anthropogenic aerosols decreases, from north to south, 

while its natural counterpart increases over the south-BoB.  

5.8 Role of wind 

An examination of the spatial pattern of aerosol mass loading in Figure 5.3b and 

the air flow pattern in Figure 5.2a reveals that the winds are strong over southern BoB 

and the observed high aerosol mass loading has some bearing on the wind speed. The 

high concentration of sea-salt species (Na, Cl, etc.) over this region (south-BoB) also 

supports this. On the contrary, the chemical composition of aerosols over north-BoB 

and southeast-BoB indicates the dominance of the soil dust/crustal and anthropogenic 

species. In this context, role of wind in sea-salt production was investigated by 

considering only the southern part of BoB. 

 

Figure 5.14. (a) Scatter plot of mass concentration of Na against wind speed along 

with the fitted curve (b) Scatter plot of mass concentration of Mss against wind speed 

along with the fitted curve. 

 

The estimated mass concentrations of Na (tracer for sea-salt) has been grouped 

in terms of wind speed bins of 2ms-1and averaged. The maximum wind speed observed 

over this region during sampling was 14ms-1. In Figure 5.14a is shown a scatter plot of 
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mean mass concentration of Na (MNa) against wind speed. The figure obviously shows 

increase in the mass concentration of Na with wind speed, in an exponential fashion. 

This data has been fitted with an exponential function of the form MNa=M01 eb1U where 

U is the wind speed, and M01 and b1 are constants. The solid lines in Figure 5.13a 

represents the fitted curve with b=0.11 and M01 =1.54. A similar scatter plot was 

obtained between U and Mss (total mass loading of sea-salt aerosols discussed in 

Section 5.6) and shown in Figure 5.14b. This also follows an exponential dependence 

Mss= M02 eb2U between U and Mss with b2=0.18 and M02= 1.64. M02 is the measure of 

background sea-salt aerosol loading. 

Several studies on the dependence of aerosol properties like mass loading, 

number density, optical depth, etc. on wind speed are available in literature. Table 5.3 

summarizes the studies conducted over the major oceanic regions during different 

periods and the major results on the wind dependence of aerosol characteristics for a 

comparison.  

Region Parameter 
Relationship with 
Wind speed 

b 
M0 

or 
N0 

Reference 

Pacific 
Mass 
concentration 

Exponential 
(Mss=MoebU) 

0.16 2.57 Woodcock(1953) 

Pacific 
Mass 
concentration 

Exponential 
(Mss=MoebU) 

0.1 
Not 
given 

Quinn et al. (2000) 

Atlantic 
Mass 
concentration 

Exponential 
(Mss=MoebU) 

0.16 1.61 Lovett(1978) 

Atlantic 
Number 
concentration 

Exponential  
(Nss = NoebU) 

0.16 -4.8 Smith et al., (1989) 

Indian 
ocean 

Mass 
concentration 

Power law 
(Mss = M0Ub) 

0.64 2.2 Nair et al., (2005) 

N-E 
Atlantic 

Number 
concentration 

Exponential  
(Nss = NoebU) 

0.10 1.46 O’Dowd (1993) 

N-E 
Atlantic 
 

Number 
concentration 

Exponential  
(Nss = NoebU) 

0.16 
Not 
given 

De Leeuw (1986) 

Arabian 
Sea coast 

Number 
concentration 

Exponential  
(Nss = NoebU) 

0.10 
Not 
given 

Parameswaran et 
al., (1995) 

Indian 
Ocean 

AOD 
Exponential  
 =0 ebU 

0.08 0.04 
Parameswaran et 
al.,(2008) 

Minicoy AOD 
Exponential 
 =0 ebU 

(0.05-
0.11) 

1.19 
Moorthy and 
Satheesh, (2002) 

S- Bay of 
Bengal 

Mass 
concentration 

Exponential 
(Mss=MoebU) 

0.18 1.64 (Present study) 

 

 

Table 5.3. Studies conducted on wind dependence of aerosol characteristics over the 

major oceanic regions during different periods with their respective observed 

relationships and b, M0 /N0values. 
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5.9 Spatial variation of mass fractions of ionic species 

The mass fraction of each chemical species as explained in Chapter 4 Section 

4.5.1.5is an effective parameter in understanding the impact of specific sources and 

their radiative forcing implications. The spatial patterns of the mass fractions of the 

various species are depicted in Figure 5.15.  

 

Figure 5.15. Spatial variation of mass fractions (in %) of various chemical species over 

BoB during winter. 

 

The mass concentration (shown in Figure 5.11) as well as mass fractions of all 

sea-salt ions (Na+, Cl- and Mg+) show similar spatial pattern with high over south-BoB. 

While the mass concentration of anthropogenic species like SO4
2-, NH4

+, and NO3
- 

peaks over north-BoB, the mass fraction peaks close to coast of India (west-BoB) and 
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over southeast-BoB. NO3
- fraction was found high towards the south-BoB and regions 

close to the landmass. Compared to other components SO4
2- has significant contribution 

over the entire BoB. 

The crustal components (Al and Fe) also show distinct spatial patterns for mass 

concentration and fraction. While mass concentration of Al and Fe peaked over east 

coast of India, mass fraction showed a hotspot over mid/southeast-BoB in addition to 

the coastal high. BC and K+ showed similar spatial patterns with mass concentration 

showing high over north-BoB and mass fraction peaking over mid-BoB and towards 

southeast-BoB. The similar pattern of these species implies that biomass burning is a 

major source of these species. Since the cumulative radiative effect of aerosols depends 

on the relative contribution of absorbing and scattering aerosol species, mass fractions 

of individual species has significance in radiative forcing estimations. 

 

5.10 Effect of rain: a case study  

 

 

Figure 5.16. Daily accumulated rain on January 17 and 18, 2009 from TRMM with 

cruise track and air mass back trajectories over the region. 

 

Rain events form the most important removal process of aerosols through rain 

out or wash out mechanism. During the cruise period one such rain event occurred on 

January 18.The spatial record of the rainfall on January 17 and 18 by The Tropical 

Rainfall Measuring Mission (TRMM) is shown in Figure 5.16. The daily rainfall is 

derived from the 3-hourly product using 3B42 algorithm, with 0.25×0.25spatial 

resolution (disc.sci.gsfc.nasa.gov). About 15mm of accumulated rain was recorded near 
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and along the cruise track. Back trajectories reaching the cruise track on January 18 

show that the air parcels are originating from the ocean (Figure 5.16).  

 

Figure 5.17. (a) Effect of rainfall on the aerosol mass loading, (b to m) effect of rainfall 

on the mass concentrations (solid line) and mass fractions (dotted line) of various 

species. 

 

In Figure 5.17a is shown the temporal changes in aerosol mass loading from Jan 

17 to 20.This figure obviously depicts the depletion of aerosol mass immediately after 

the rain which occurred on January 18. The mass loading decreased from 40g m-3 to 

6g m-3depicting 85% reduction. In order to examine whether the wash out process has 

any bearing on different species, the mass concentrations as well as the mass fractions 

of individual species were examined. The mass concentrations of most of the species 

showed depletion after rain. But the changes observed in the mass fraction of various 

species showed difference. This indicates that rain induced removal of aerosols need 

not be uniform for all chemical species; instead, it can be species dependent. In Figure 

5.17b to g are shown the changes in the mass concentration of oceanic species Na+, Cl- 

and the ss components of SO4
2-, K, Ca, and Mg along with that of their respective mass 
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fractions prior to and after the rain event. While the mass concentration of these species 

decreased after rain, the mass fraction increased. The increase in mass fraction is due to 

decrease in total loading (ML) while the mass concentration of individual species 

remaining same or high. In this case, it is possible that associated with rain, strong 

winds also prevailed over the region which produced sea-salt aerosols. On the other 

hand, for anthropogenic/crustal species BC, SO4
2-, NH4

+, nss-K, Al, and Fe (Figure 

5.17h to n), both mass concentration and mass fraction show similar variations. The 

percentage reduction in the mass concentration of species like SO4
2-, NH4, NO3 and K 

were found to be 78%, 72%, 68% and 76% respectively and for Al and Fe it was <25% 

while marine species like Cl- and Na showed ~70% depletion indicating that rain 

removal is species dependent. The concentration of Al and Fe were very low prior to 

rain and hence their changes are not very prominent. As the study area was away from 

the continental source regions, the anthropogenic species present over the region was 

transported from adjoining continents. And these species were directly washed out by 

rain resulting in decreased mass concentration and thereby the mass fraction. Another 

important inference is that, over the oceanic environment, even though rain depletes 

aerosols, wind induced sea spray production can cause increase in total aerosol mass 

loading and sea-salt aerosols.  

 

5.11 Region specific composition of aerosols over BoB 

The estimated aerosol chemical species are grouped as (1) Sea-salt (SS), (2) 

Water Soluble Non-sea-salt(WSN) (3) Mineral dust (MD) (4) POM (Particulate 

Organic Matter) and (5) Black Carbon (BC)as discussed in section 3.7 in Chapter 

3.These aerosol components were grouped and averaged for each of the five regions 

mentioned in Section 5.5. The pie charts in Figure 5.18 show the region wise 

distribution of these aerosol components over BoB. 

Water soluble non-sea-salt component (WSN) showed significant contributions 

over BoB (39% for coast, 33% for north, 31% for southeast and 36% for mid) except 

for south-BoB (19%). SS contribution over this marine region was relatively low being 

10-16% over north, mid and southeast-BoB with a minimum of 3.6% over coastal 

regions. Largest SS contribution is observed over south BoB (~29%). Mid and coast-

BoB showed MD contributions as ~18% and 14% respectively as these regions are 

influenced by long range transport from IGP.  
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Figure 5.18.Contributions of SS, WSN, MD, POM and BC components over different 

regions over BoB. 

 

The contributions of MD (5%), BC (3%) and POM (10%) were very less over 

South BoB compared to other regions. Interestingly the residual fraction is highest 

(28%) over this region (whereas it remained 5-14% over other regions). This could be 

probably due to the under-estimation of POM over South BoB. 

 

 

5.12 Radiative properties 

Based on the mass concentration of different aerosol components discussed 

above and using OPAC model, the major optical/radiative properties of aerosols were 

estimated for the wavelength regime 0.4 to 1.0µm for the five regions. The scattering 

and absorption coefficients were highest over the north BoB (0.22km-1 and 0.045km-1 

respectively) followed by the coast (0.15km-1 and 0.025km-1 respectively) at 0.5µm 

wavelength, indicating the abundance of both scattering and absorbing aerosols over 

these regions. These values are higher than those observed during pre-monsoon over 

BoB (Chapter 4). The minimum in scattering, absorption and extinction coefficient is 

seen over south BoB. Measurements done for scattering and absorption coefficients 



 Chapter 5 

  

170 
 

with nephelometer and aethalometer onboard the ship also depicted very high values 

(>0.20 and >0.015 km-1) over the north-western BoB [Babu et al., 2012]. Lower values 

of sc and ab were observed over mid (0.1km-1 and 0.012km-1), south (0.065km-1 and 

0.01km-1) and southeast-BoB(0.09km-1 and 0.018km-1) [Babu et al., 2012]. 

 

Figure 5.19. Spectral variation of scattering coefficient, absorption coefficient, 

extinction coefficient, SSA and Phase Function over the five different regions over BoB. 

 

Single scattering albedo, an important parameter in the calculation of radiative 

forcing was found to be in range of 0.83-0.86over SE and south BoB. Over mid-BoB 

and north-BoB it was <0.82 with minimum over mid BoB (0.760to 0.815). Phase 

function attain minimum at ~120˚ with regional differences. Babu et al.,[2012]observed 

very low values (<0.8) over the mid-BoB and moderately low values over the south-

BoB (0.85–0.9)based on measurements using nephelometer and aethalometer. This low 

value over mid-BoB is due to the increased mass fraction of absorbing species (BC and 

Mineral Dust) contributing more to absorption than scattering. 
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5.13 Summary 

The ship-based measurement of total aerosol mass loading and the mass 

concentration of various chemical species over the entire marine environment of BoB 

covering South east part during winter for the first time revealed the following features. 

(1) Spatial distribution of total aerosol mass loading showed two prominent high 

regions one over north BoB and other over SE-BoB.  

(2) The aerosol mass loading was minimum over the mid BoB region where an 

anticyclonic circulation existed. While the high over north BoB is caused by transport 

from the populated and industrialized IGP, that over SE BoB is due to transport from 

the anthropogenically active SE Asian region.  

(3)  The oceanic species (Na, Cl, Mg, etc), crustal species (Al and Fe) and 

anthropogenic species (SO4
2-, NH4

+, BC, etc) showed distinctly different spatial 

patterns. 

(4)  Sea-salt aerosol dominated over south-west part of BoB due to the action of strong 

winds. Wind induced sea-salt production showed an exponential relation between the 

mass concentration of sea-salt aerosols and wind speed. 

(5) For the species like Ca, K and SO4
2- having both sea-salt (ss) and non-sea-salt (nss) 

fractions, the ss and nss components showed distinctly different patterns, with ss 

component peaking over SW-BoB and nss component exhibiting maximum over north-

BoB. 

(6) The anthropogenic species (SO4
2-, NO3

-, NH4
+, BC, etc) peaked over north-BoB 

and the crustal components were high near to the eastern coastal regions of India with 

isolated hotspots away from the coast. Strong anthropogenic influence is observed 

throughout BoB. The mass of nss aerosols contribute upto 98% over north-BoB.  

(7) Over regions were acidic species like SO4
2-and NO3

- are dominant, strong chloride 

deficit was also noticed. Significant loading of anthropogenic aerosols was estimated 

over entire BoB. 

(8) The accumulated rainfall of 15mm occurred close to cruise track produced 85% 

reduction in total aerosol mass loading. The rain induced depletion of aerosols was 

species dependent. Strong winds associated with rain replenish the sea-salt species. 

(9) The percentage contributions of the major aerosol components sea-salt(SS), water 

soluble non-sea-salt (WSN) component, mineral dust(MD), particulate organic matter 

(POM) and BC over different regions of BoB were estimated and found to be region 

dependent.The scattering and absorption coefficients were highest over north BoB 

(0.22km-1 and 0.045km-1respectively) followed by the coast (0.15km-1 and 0.025km-1 
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respectively) at 0.55µm wavelength, indicating the presence of more scattering and 

absorbing aerosols over these regions. Single scattering albedo was found to be in the 

range of 0.83-0.86 over SE and south BoB, and it was <0.82 over mid-BoB and north-

BoB. In spite of the low aerosol loading, the minimum values of single scattering 

albedo were estimated over mid-BoB. 

These results points to the pollution of a near pristine marine atmosphere due to 

aerosol transport from near-by landmass with anthropogenic activities, which can have 

serious environmental and climatic impacts.  
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Chapter 6 
 

Seasonal changes in the near-surface aerosol 
characteristics and their columnar properties 
over Bay of Bengal: a multi-campaign analysis 

 

6.1  Introduction 

With the high density of population and increasing industrialization, the south 

Asian landmass surrounding Bay of Bengal (BoB) is an important source region of 

many chemically and radiatively active trace gases and aerosols present over this 

oceanic environment as discussed in Chapter 4 and 5. Along with this, the contrasting 

meteorological processes, strong solar radiation and the humid tropical conditions make 

this oceanic region dynamically and chemically very active [Bhat, 2001; Wang 2006; 

Lawrence and Lelieveld, 2010; Lau and Kim, 2006; Rao, 1976]. Hence the aerosol 

characteristics over this marine environment can be attributed to emission capacity of 

near-by continent and meteorology. The outflow of the continental pollutants over to 

BoB is of serious environmental concern in view of the fact that this region plays 

crucial role in Asian monsoon and is frequently affected by extreme weather systems 

like cyclones [Flierl and Robinson, 1972; Mohanty, 1994; Alam et al., 2003]. Various 

cruise-based measurements, namely, BOBMEX (Bay of Bengal Monsoon Experiment), 

ICARB (Integrated Campaign on Aerosols, gases and Radiation Budget) and CTCZ 

(Continental Tropical Convergence Zone) campaign conducted over BoB in different 

seasons had brought out several results on the chemical, physical and optical properties 

of aerosols and gases over this region [Bhat et al., 2001; Ramanathan et al., 2001; 

George et al., 2008; Moorthy et al., 2008, 2010; Nair et al., 2008; Sudheer and Sarin 

2008; Babu et al., 2012; Nair et al., 2014; Aryasree et al., 2015]. Still the 

comprehensive information on aerosol characteristics available from this oceanic region 

is limited. Chapter 4 and 5 mainly addressed the near-surface aerosol characteristics 

during pre-monsoon and winter and the outflow from nearby landmass.  

This chapter presents the results of a comprehensive study on the spatial and 

seasonal changes in the aerosol characteristics over BoB. It is based on (1) the ship-

based in situ measured spatio-temporal properties of near-surface aerosols carried out 

as part of three major field campaigns namely: ICARB during the pre-monsoon season 

(March–April 2006), CTCZ in the monsoon season (July–August 2009), and second 

phase of ICARB conducted in winter (December 2008–January 2009) called WICARB 
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and (2) the columnar characteristics of aerosols namely columnar aerosol optical depth 

(AOD), fine-/small-mode AOD, large mode AOD, fine-mode fraction, Angstrom 

exponent (α), effective radius (Reff), and column mass concentration (Mc) retrieved 

from satellite based MODIS on-board Aqua, for the same period. Most importantly, 

apart from the spatial and seasonal behaviour of near-surface aerosol characteristics and 

the columnar properties of aerosols, their mutual dependence is also investigated and 

results are presented. 

 

6.2  Cruise tracks  

 As mentioned above, the results presented in this paper are the outcome of 

the ship-based measurements conducted over BoB during three seasons: pre-monsoon 

2006, winter 2009 and monsoon 2009 in campaign mode as discussed above. A brief 

account of the cruise tracks during these campaigns is given below.  

 

6.2.1  Pre-monsoon cruise  

The first among the three campaigns was the ICARB conducted during the pre-

monsoon period of March-April 2006. The details of cruise track are given in Chapter 4 

section 4.2. The cruise started on 18 March 2006 from Chennai (13N, 80.3E) and 

ended on 13 April, 2006 reaching at Cochin completing its 25 days of journey over 

BoB.  

 

6.2.2  Monsoon cruise  

 Another campaign referred as the CTCZ campaign was conducted during 

the monsoon period of 16 July to 17 August 2009 under the Indian Climate Research 

Programme (ICRP), Government of India to understand the monsoon meteorology. One 

of the objectives of this campaign was to explore the role of aerosols in the variability 

of monsoon. During this campaign also, aerosol sampling and chemical composition 

studies were carried out. Ship started sailing from Chennai (13.1°N, 80.3°E) on 16 July, 

2009 moving towards south-east, covered latitude sector 11.0 to 21.1°N and longitude 

sector 80.3 to 90.1°E taking several tracks. The ship was stationary at 89° E, 19° N for 

fifteen days (July 22 to August 06, 2009) of time series measurements. The cruise 

ended on 17 August 2009 at Chennai completing 32 days of journey. The spatial 

coverage of this cruise was less compared to the other two. 
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Figure 6.1. Cruise tracks for the ship-campaigns conducted in (a) pre-monsoon 

(ICARB) (b) monsoon (CTCZ) and (c) winter (WICARB). Black dots represent the 
mean positions of aerosol sampling and the arrows indicate the direction of movement 
of the ship. 

 

6.2.3   Winter cruise  

The cruise track and other details of this cruise (WICARB) is given in section 

5.2 of Chapter 5. This cruise was conducted during the winter period of December 2008 

to January 2009. For a comparison the cruise tracks for the three campaigns are shown 

in Figure 6.1a to c. In pre-monsoon, 38 samples were collected in 25 days, in winter 

101 samples collected in 34 days and in monsoon 41 samples in 32 days. The mean 

sampling positions are also marked in the figures which show excellent spatial 

resolution in in situ sampling. 

 

6.3  Meteorological background 

Based on the annual pattern of meteorological parameters over Indian region, 

the months are grouped into four seasons namely winter (December to February), 

summer/pre-monsoon (March to May), monsoon (June to September) and post-

monsoon (October and November) as discussed in Chapter 3. The seasonal features of 

aerosol characteristics examined in this study pertain to seasons of two different years, 

2006 and 2009. It is noted that the broad meteorological features like airflow pattern, 

temperature, relative humidity (RH) etc. repeat systematically in all the years, over the 

Indian region [Asnani, 1993]. The spatial patterns of temperature, RH and airflow at 

925hPa, for the months of January (representing winter), March (representing pre-

monsoon) and July (typical monsoon month) for 2006 and 2009, obtained from NCEP-

NCAR reanalysis are shown in Figure 6.2a to f, g to l and Figure 6.3a to f respectively. 
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These figures reveal the seasonal similarities in meteorological conditions irrespective 

of the year.  

 

 

Figure 6.2. The seasonal patterns of meteorological parameters, temperature in °C (a 
to f) and Relative Humidity(%) (g to l) at 925hPa over BoB for the months of March 
(pre-monsoon), July (monsoon) and January (winter) of 2006 and 2009 as obtained 
from NCEP/NCAR reanalysis data. 
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Figure 6.3. (a to f) The seasonal patterns of mean wind pattern at 925 hPa over BoB 
for the months of March, July and January of 2006 and 2009 as obtained from 
NCEP/NCAR reanalysis data. 

 

 While the temperature during January ranged between 17°-22°C for both the 

years with an increase towards the south-BoB, it increased to 23°-24°C for the pre-

monsoon month of March and monsoon month of July. Winter and pre-monsoon 

season were characterised with RH varying from 40% - 80%. RH showed a consistent 

increase from winter (40% over north BoB) to monsoon reaching ~ 95%, in both the 

years with similar spatial pattern. The monthly pattern of wind (Figure 6.3) also 

remains more or less same in both the years, with strong north easterly winds in 

January, shifting to westerlies/south westerlies in the monsoon month of July. March is 

the transition period with weak winds, an anti-cyclonic flow was observed towards the 

middle of BoB for both the years with relatively low wind speed. As the broad 

meteorological features remain same for both the years (as observed in Figure 6.2 and 

6.3), the seasonal features of aerosols observed during different years can be treated as 

representative of that season.  

 

6.4  Experimental Techniques and data  

6.4.1  Instrumentation 

In all the three campaigns, the same High Volume aerosol Sampler (model 

GH2000 of Graseby Anderson, USA) was operated and samples collected following the 

sampling strategy discussed in Chapter 2. From the mass collected and the volume of 
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air sampled, the aerosol mass loading (ML) in µg m-3 was estimated gravimetrically. 

The aerosol samples collected were analysed in the laboratory (as detailed in chapter 2) 

for quantification of various chemical species F-, Cl-, Br-, NO2
-, NO3

-, PO4
2-, SO4

2-, 

Na+, Mg2+, Ca2+, K+, Al, Fe, Ca, and NH4
+. Apart from this, the Black Carbon (BC) 

measurements carried out using Aethalometer (Model AE 31, Magee Scientific, USA) 

during the cruises were also used in this study [Nair et al., 2008; Babu et al., 2012; 

Kompalli et al., 2013]. 

 

6.4.2  Satellite data 

In addition to the near-surface (boundary layer) data, the columnar aerosol data 

available from MODerate resolution Imaging Spectrometer (MODIS) instrument on-

board Aqua satellite was also used in this study. Detailed discussions of MODIS 

retrieval of aerosol parameters are given in Chapter 2. In this chapter, the primary 

products from MODIS namely columnar AOD, effective Radius (Reff) and the fine 

(small) mode fraction of AOD [Tanre´ et al., 1997; Remer et al., 2002; Ignatov et al., 

2005; Levy et al. 2007] and the derived parameters namely Angstrom exponent (α), 

large mode AOD, and columnar aerosol mass concentration (Mc) in µg cm-2 [King et 

al., 1997; Remer et al., 2005] were made use.  

In this study, the Angstrom Exponent (α) estimated based on the measured 

AODs at the wavelengths 550 and 870nm [Remer et al., 2008] is used. It is given as, 
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Where 550 and 870 are the aerosol optical depths at 550nm and 870nm 

respectively. 

The effective radius Reff is defined as  
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where n(r) is the number density of aerosol particle with mean radius r, r1 and r2 

being the lower and upper radii limit of aerosols considered. For MODIS retrievals it is 

defined in terms of aerosol number densities at the small and large size regimes as 

[Remer et al., 2005], 
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 Reff = (Nsmall M3
small+Nlarge M3

large)/ (Nsmall M2
small+Nlarge M2

large)                   6.3 

 

And the mass concentration Mc is given by, 

Mc= Nsmall M3
small+Nlarge M3

large                                                       6.4 

with 

      drrnrM kk )(
0



                                                                        6.5 

where Nsmall and Nlarge denote the number density of fine mode particles (<1µm) 

and coarse mode particles (>1µm) respectively, and Mk denotes the kth moment of size 

distribution function n(r) of aerosols. 

The MODIS Terra and Aqua Daily Level-2 data (MYD04_ L2) of Collection 6 

(C006) retrieved over BoB for the cruise period as obtained from LAADS web page 

https://ladsweb.nascom.nasa.gov/data/search.html has been used in this analysis. In 

case of C006 data, since improved cloud mask (MxD35_L2) algorithm produce input 

for the aerosol algorithm, it is considered as the best available uncontaminated data 

[Levy et al., 2013]. The downloaded Level 2 data was gridded for the respective study 

area (0:25°N; 80:95°E excluding landmass) by picking the values for each grid and 

averaged for a month using the MATLAB tool. The error in AOD is estimated as 

=0.030.05 over ocean [Remer et al., 2008]. Validation of MODIS retrieved AOD 

with data collected from collocated sun photometer measurements including those from 

Aerosol Robotic NETwork (AERONET) stations by Levy et al., [2013] have estimated 

an asymmetric expected error of ±(0.04 + 10%), ±(0.02 + 10%) for AOD and of ±0.41 

for α. The uncertainty in Reff is 0.1µm in the non-dust regimes over ocean [Remer et 

al. 2002]. Uncertainty in fine mode AOD fraction is ~30% with greatest uncertainties 

occurring at low aerosol concentrations [Remer et al 2005]. The largest uncertainty is 

associated with Mc contributed by assumptions on several parameters like aerosol 

density, type of aerosols, fine and coarse mode fractions, etc. and can vary from 30% 

upto 100%. 

 

6.5  Near-surface aerosol mass loading – seasonal patterns 

The near-surface aerosol mass loading (ML) over BoB shows varying range 

from 10 to 100µg m-3, 41 to 117µg m-3 and 12 to 139µg m-3 with distinct spatial 

features for the three seasons, pre-monsoon, monsoon and winter (Figure 6.4a to c) 

respectively. Irrespective of the season northern part of BoB showed highest aerosol 
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loading with peak loading in winter. Continental influence is clearly discernible in the 

winter and pre-monsoon, which is explained in Chapter 4 and 5 as an outflow from the 

Indo Gangetic Plains (IGP) over to north-BoB, which gets spread out to the remote 

oceanic regions due south. Apart from the north-BoB, the western BoB (close to eastern 

coast of India) is also influenced by continental advection. Unlike winter season, 

monsoon and pre-monsoon period showed isolated hotspots of high aerosol loading 

(orange colouerd in Figure 6.4a and b) far from the coast. 

 

 

 
 

Figure 6.4. Spatial patterns of near-surface aerosol mass loading (ML) over BoB for 

different seasons (a) pre-monsoon, (b) monsoon and (c) winter seasons (d) Seasonal 

variation of aerosol mass loading for different regions of BoB. 

 
Among the three campaigns, the winter cruise had largest spatial coverage 

which included the South East-BoB (SE-BoB) for the first time. Significant aerosol 

loading (~55 ± 9µg m-3) is observed over SE-BoB also. During pre-monsoon and 

winter, ML showed a decreasing trend towards the south whereas for monsoon, the 

values increased towards south.  
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Figure 6.4 clearly shows that the aerosol mass loading is latitude-dependent. In 

order to have a quantitative assessment of the latitudinal patterns of ML, the entire BoB 

region is broadly divided into three latitude sectors namely north-BoB (>15ºN), mid-

BoB (10º-15ºN) and south-BoB (<10ºN) with longitudinal sector of 80°-92.5°E, where 

measurements were carried out during all the three cruises. The mean aerosol mass 

loading over north-BoB, mid BoB and south-BoB for the three seasons are depicted in 

Figure 6.4d. The SE-BoB covered only in winter is excluded in this regional analysis. 

Also, the monsoon cruise did not cover latitudes <10ºN. Figure 6.4d shows a northward 

increase of ML from <10ºN (south) latitude to >15ºN (north) for the pre-monsoon and 

winter season. Highest ML (~82µg m-3) is observed in north-BoB during winter. The 

ML values in monsoon are close to that in winter over north-BoB. Also, in winter, the 

ML values are comparable over south and mid-BoB region probably due to the outflow 

from South-East Asia (Figure 6.3c and f). In monsoon season, ML peaked over mid-

BoB region with slightly lower or comparable values over north-BoB. This monsoonal 

enhancement in ML can be attributed to in-situ production of sea-salt aerosols by the 

strong winds (seen in Figure 6.3a to f; Section 4.5.1.7 and 5.7 in Chapter 4 and 5) and 

hygroscopic growth due to high RH (Figure 6.2g to l). On the other hand, the winter 

peak in north-BoB can be attributed to continental advection (Chapter 5). Information 

on chemical nature of aerosols can throw more light into the sources and causative 

mechanisms in different seasons. More details on the wind induced production of 

aerosols in this region are discussed in section 5.2. 

 

6.6  Seasonal changes in chemical composition over BoB 

Chemical characterisation being the most potential tool for inferring the source 

characteristics of aerosols, the spatial distributions of the mass concentrations of 

various chemical components in aerosols during different seasons were compared. 

As mentioned in the previous chapters, depending on their sources the chemical 

species quantified were classified into three categories namely, anthropogenic (SO4
2-, 

NO3
-, NH4

+ and BC), crustal (e.g. Fe and Al) and marine/oceanic (e.g. Na and Cl-). The 

seasonal variation of the mean mass concentration of these chemical species for the 

three latitude regions (south, mid and north-BoB) are shown in Figure 6.5a to c. The 

anthropogenic species showed maximum values in winter and minimum for monsoon 

with peak values over north BoB, and decreasing towards south, irrespective of season 

(Figure 6.5a). 
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Figure 6.5. Seasonal patterns of mass concentration of various aerosol chemical 
species (a) anthropogenic, (b) for crustal (c) marine and (d) mixed sources (K, Ca and 
PO4) for different latitude sectors of BoB (South, Mid and North-BoB). 

 

The pre-monsoon pattern is also similar to that of winter, but with less 

magnitude. Monsoonal wet scavenging depletes the aerosol mass load of anthropogenic 

species to half the value during winter/pre-monsoon (NH4
+ is depleted more) as can be 

seen from Figure 6.5a. Crustal species Fe and Al also peaked in north-BoB in all 

seasons and decreased towards south (Figure 6.5b). An interesting feature observed for 

the crustal species was that the higher loading of Fe and Al during the pre-monsoon 

season as compared to winter throughout BoB. Long range transport of dust aerosols 

from western arid regions over to IGP during this period is reported earlier [Prijith et 

al., 2012, 2013] based on the airflow pattern and dynamics. The enhancement in Fe and 

Al is an observational evidence for this. K (a tracer for biomass burning) was high over 

north-BoB for all the three seasons (Figure 6.5d) thus revealing the influence of the 
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biomass burning taking place over north and northeast regions of BoB as also revealed 

by MODIS retrieved fire counts [David et al., 2011]. Forest fires, agricultural slash 

burning and burning of wood for heating and cooking, taking place over surrounding 

landmass could be partially responsible for this. The dominance of the absorbing 

components like BC and crustal species over north-BoB in winter and pre-monsoon has 

serious implications on the regional radiative forcing. All species of continental origin 

shows a southward decrease in all the seasons. Thus, BoB is an outflow region to 

aerosols of continental origin, especially from IGP and SE Asian region.  

The most striking feature revealed by Figure 6.5 is that the oceanic species 

depict a latitudinal pattern different from those of anthropogenic or crustal species. 

Unlike the continental species, dominance of the major oceanic species Na, Cl- and Mg, 

is seen in the monsoon season with highest concentration towards mid-BoB (Figure 

6.5c). Their loading increased upto 4 times in monsoon compared to that during winter 

and pre-monsoon. In winter also oceanic species showed an enhancement over south-

BoB. The enhancement of ML over southern part of BoB in winter has been attributed 

to wind induced production of sea salt which is exponential in nature, given as Mss=M0 

ebU where Mss is mass concentrationof seasalt, M0=1.68, b=0.18 and U is the wind 

speed as discussed in Chapter 5. The high loading of Na and Cl- as revealed by the 

chemical analysis confirmed the wind induced production of seasalt aerosols. The mean 

windspeed in monsoon over south BoB is twice that in winter (~16-20m s-1), as 

recorded by the onboard AWS and also indicated by NCEP-NCAR reanalysis (Figure 

6.3d and f). Assuming same functional dependence, the mean sea-salt contribution in 

monsoon is estimated to be 25µg m-3 accounting 30-35% of the total aerosol mass 

loading over BoB. During pre-monsoon, oceanic species Na and Cl- which are less over 

south-BoB show a slight enhancement towards north. This high is attributed to crustal 

sources rather than sea-salt [Nair et al., 2014].  

 

6.7  Air mass back trajectories  

 With a view to identify the source region of transported aerosols over the 

cruise region, the 7-day air mass back trajectories reaching the marine boundary layer 

(at 100m) of different parts of BoB during the three seasons were obtained by running 

the HYSPLIT model [Draxler and Rolph, 2003] and presented in Figure 6.6. 

 



Chapter 6 

 

184 
 

 

Figure 6.6. Air mass back-trajectories reaching 100m AMSL at the mean sampling 
locations for the three seasons (a) North and South regions of BoB for the pre-monsoon 
(b) Mid BoB for the pre-monsoon (c) coastal region for monsoon (d) north and mid 
BoB for monsoon (e) South BoB for winter (f) North, mid and SE BoB for the Winter  

 

During pre-monsoon (Figure 6.6a and b) the air mass originating from IGP and 

Central India reaches the north-BoB and coastal regions and that over south-BoB is of 

purely marine origin. Moreover, the anti-cyclonic airflow existing over mid-BoB (as 

seen from wind pattern in Figure 6.3a) confines the air mass to that region (more 

explanation on Chapter 4). In monsoon, the origin of the trajectories is completely 

(South or Southwest) from oceanic regions. However, those reaching the north-BoB 

and coastal region travel considerable distance over land and hence show signatures of 

continental species. In winter, the air mass over north/mid BoB originates from IGP or 

crosses IGP and that over southeast-BoB is from South East Asia. Over the southern 

BoB, the trajectories have their origin from South East Asia or IGP. They travel long 
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distance over the marine environment, and hence they partly loose the continental 

aerosols and gain marine aerosols, particularly due to the strong winds over the region 

(Figure 6.2).  

 North-BoB and coastal region of BoB are regions of high aerosol loading 

for all the seasons where air mass with continental origin persists. This is confirmed by 

the presence of high levels of anthropogenic species SO4
2-, NO3

-, NH4
+, etc. over these 

regions. The higher aerosol loading with dominance of anthropogenic over southeast-

BoB shows the continental influence during winter. Moreover, presence of significant 

amounts of crustal species Fe and Al over the north-BoB shows the influence of long-

range transport. Over southern parts of BoB, where oceanic species dominate, the 

marine air mass prevails during most of the periods. The stronger winds prevailing over 

southern region (Figure 6.3a to f) leading to production of sea-salt aerosols which are 

mostly in coarse mode and of relatively high mass [Seinfeld and Pandis, 1998]. The 

high concentrations of oceanic species like Na, Cl-, Mg over these regions confirm this 

source.  

 

6.8  Latitudinal gradients and scale distances for ML and various 

species 

The latitudinal variation of ML and mass concentrations of various chemical 

species for the pre-monsoon and winter cruises (as scatter plot of mean mass 

concentration against latitude bins ) are shown in Figure 6.7a -l and Figure 6.7m-x 

respectively, from which a quantitative estimate of the latitudinal gradient for each 

component was made. Since the latitudinal coverage of monsoon cruise was limited, 

this analysis was not done for that season. For the other two seasons it is observed that 

there is an exponential decrease of total aerosol mass loading ML as well as mass 

concentration of individual species towards south.  

The solid red curves represent the exponential fit of the form MX=k0exp (-kxL) 

where MX is the mass concentration of any species X (or ML in Figure 6.7(a) and (m)) 

with k0 and kx being the respective constants. The red dots in Figure 6.7a to l represent 

the high values observed over the southern BoB (see Figure 6.4a), the source of which 

is different from that of outflow from IGP. These points are excluded in the curve 

fitting. In winter, the spatial distribution of oceanic species like Na, Cl-, Mg etc. are 

random and hence no functional dependence could be attributed to the latitude variation 

(Figure 6.7q, r and s). 
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Figure 6.7. Latitudinal variation of ML and the various aerosol chemical species for 
pre-monsoon (a to l) and winter (m to x) season. The red solid curves represent the 
exponential fits. 

 
Table 6.1 lists k0, kx, correlation coefficient and scale distance (D=1/kx) for ML 

and the various species. The exponential decrease of ML yields an e-1 scale distance of 
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688km in pre-monsoon and 1571km in winter indicating more penetration of 

continental pollution over to BoB during winter. During monsoon season, no such 

systematic latitudinal variation is observed due to the prevalence of marine air-mass 

over the entire Bay of Bengal as evident from the air flow and back trajectories in 

Figure 6.6c and d. 

In pre-monsoon, the scale distance lies in the range 500-900km for the 

individual species, where as in winter, it often exceeds 1000km. The strong airflow 

from IGP is responsible for the large scale distance in winter. The overall loading also 

is higher in winter compared to pre-monsoon. In addition, the anthropogenic species 

SO4
2-, NO3

-, NH4
+ and Ca, are in fine mode, and owing to their long life time (~1 

week), get transported to longer distances as indicated by the large scale distances.  

 

Species ICARB (pre-monsoon) Species WICARB (winter) 
k0 kx D (km) R k0 kx D (km) R 

ML 3.49 0.16 688 0.74 ML 3.10 0.07 1571 0.73 
Na 0.12 0.18 611 0.63 Na  

 No dependence observed 
   

Cl- 0.05 0.20 550 0.51 Cl- 

Mg 0.04 0.16 688 0.51 Mg 

Ca 0.15 0.15 748 0.65 Ca 0.30 0.08 1375 0.85 
K 0.13 0.11 1000 0.77 K 0.12 0.13 846 0.95 
SO4

2- 1.43 0.12 917 0.71 SO4
2- 1.05 0.09 1222 0.89 

NH4
+ 0.38 0.11 1000 0.85 NH4

+ 0.43 0.13 846 0.92 
NO3

- 0.56 0.12 917 0.49 NO3
- 0.14 0.2 550 0.88 

Fe 0.06 0.16 688 0.62 Fe 0.07 0.12 913 0.86 
Al 0.09 0.13 846 0.69 Al 0.05 0.13 846 0.71 
BC 0.15 0.14 786 0.81 BC 0.72 0.1 1100 0.93 

 
Table 6.1 The constants k0, kx, e-1 scale distance (D) and correlation coefficient (R) of 
the exponential fits of aerosol mass loading and concentrations of various species for 
pre- monsoon and winter. 

 

6.9  Columnar properties of aerosols retrieved from MODIS over 

BoB: seasonal patterns 

Since almost all aerosol sources are confined to the earth’s surface (land as well 

as ocean), the physico-chemical characteristics of near-surface aerosols should have 

influence on their properties in atmospheric column (columnar properties). In this 

section, the above discussed spatio-temporal features of near-surface aerosols are 

compared with those of columnar properties as observed by the satellite-borne MODIS.  
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Figure 6.8 a-c Spatial map of column AOD at 550nm from MODIS for pre-monsoon 
(March 2006), monsoon (July 2009) and winter (January 2009), d-f latitude variation 
of AOD, g-l spatial variation of Angstrom exponent and effective radius for the above 
seasons. 

The monthly mean values of AOD at 550nm, Reff, α, column mass concentration 

Mc, fine mode AOD, large mode AOD and fine mode fraction were retrieved over BoB 

region for March 2006, January 2009 and July 2009, representative months of pre-

monsoon, winter and monsoon season (corresponding to the three cruise periods during 

which the near-surface measurements were made). The column AOD, a measure of the 

depletion caused to the incoming solar radiation produced by the vertical column of 

aerosols, is one of the most important radiative forcing parameter. The Angstrom 

exponent α provides information on the particle size (larger the exponent, the smaller 

the particle size), phase function and the relative magnitude of aerosol scattering at 
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different wavelengths. Reff indicates the relative abundance of large and small particles; 

and Mc is the critical parameter deciding the optical properties of aerosols. The month-

to-month variation of the spatial pattern of all the parameters (not shown here) are more 

or less similar in both the years 2006 and 2009 (cruise periods), but with minor 

differences in magnitudes.  

In Figure 6.8a to c are depicted the monthly mean spatial pattern of column 

AOD (at 550nm) over BoB for March 2006, July 2009 and January 2009 representing 

pre-monsoon, monsoon and winter respectively for a comparison. The AOD is 

invariably high over north BoB irrespective of season with peak values in monsoon and 

winter, similar to the near-surface aerosol loading. For winter and pre-monsoon AOD 

decreases from north to south while in monsoon AOD is high over mid and south-BoB. 

Figure 6.8d to f shows the latitudinal variation of AOD for the three seasons. The AOD 

presents an exponential decrease from north to south in winter and pre-monsoon (0.8 to 

0.2 and 0.45 to 0.2 respectively). The most striking feature is that the enhancement of 

ML seen in the latitude sector 6°-8°N in pre-monsoon (see Figure 6.4) is reflected in 

columnar AOD also revealing that near-surface aerosol loading has significant 

contribution to the columnar loading. In monsoon, the AOD remains high (~0.45) in a 

wide latitude sector from 10°N to 22°N and then decreases towards south. But the ML 

measurements are limited to the latitude region, 11°N to 21°N (Figure 6.4) where it 

remains high. The ship-based sun photometric measurement of AOD over BoB during 

same cruises in winter and pre-monsoon has also shown decrease from north to south 

[Nair et al., 2009; Babu et al., 2012]. The AOD remained in the range 0.5-0.6 over 

north-BoB and 0.1 to 0.4 in the southern parts [Nair et al., 2009] in pre-monsoon, and 

for winter it was 0.8 over north-BoB reaching 0.3 in south-BoB [Babu et al., 2012]. 

In Figure 6.8g to i and j to l are shown the spatial patterns of α and Reff 

respectively for the seasons corresponding to the AOD patterns in Figure 6.8a to c. 

Throughout BoB the values for α lies in the range of 1 and 1.5 for the pre-monsoon and 

winter season while it lowers to <0.5 for the south-BoB. For the monsoon season values 

remained low (<0.5) over entire BoB. Effective radius showed lower values <0.3 over 

the northern part of BoB for the pre-monsoon and winter season and it increased to 

>0.6 over the south. For the monsoon season Reff showed higher values >0.8 throughout 

BoB. The high α values along with the low Reff over BoB in pre-monsoon and winter 

indicate dominance of fine particles. In monsoon the entire BoB is covered by large 

particles as seen by the high α and low Reff. Even though retrievals of α and Reff are 
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independent of each other, it shows similar inferences on the size characteristics of 

aerosols.  

 

Figure 6.9. Seasonal patterns of columnar (a) AOD, (b) mass concentration (Mc), (c) 
Angstrom exponent (α) (d) Reff (e) fine mode AOD and (f) large mode AOD (g) fine 
mode fraction (%) for south, mid and north-BoB from MODIS. 

The columnar aerosol parameters viz. AOD (at 550nm), Reff, α, Mc, fine mode 

AOD, large mode AOD and the fine mode fraction (%) for the three latitude sectors 

were averaged and presented in Figure 6.9a to g. In any latitude sector or throughout 

BoB, the mean AOD for winter and pre-monsoon is 50% of its monsoonal value 

(Figure 9a and b). AOD increases from south to north in all seasons, the increase being 

exponential in pre-monsoon and winter and linear in monsoon. The satellite retrieved 

Mc also depicts a similar spatial pattern which is expected. During pre-monsoon and 

winter Mc is 30% of its monsoonal value. The Angstrom exponent (α), the qualitative 

indicator of particle size, (larger the value, smaller the size) increases from south to 

north in pre-monsoon and winter and exhibits opposite behaviour during monsoon. On 
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the other hand, Reff (indicative of abundance of large sized aerosols) decreases from 

south to north in pre-monsoon and winter while it increases towards north in monsoon. 

6.10  Comparison of near-surface and columnar properties over BoB 

An examination of the near-surface aerosol mass loading ML (Figure 6.4d) 

shows a spatial pattern with the broad features matching with that of AOD and Mc, but 

there is no one to one correspondence. Both AOD and Mc peaks during monsoon 

throughout BoB. ML is comparable in monsoon and winter over north-BoB as for AOD 

also. Significantly high ML (~80µg m-3) is observed over mid and north-BoB (ML 

measurement is not available over south-BoB), during monsoon. The high levels of 

oceanic species Na and Cl- (see Figure 6.5c), confirms that oceanic aerosols dominate 

throughout BoB during monsoon. Thus, the columnar mass loading has a bearing on 

the near-surface aerosol characteristics during monsoon. But the winter high is not 

contributed by sea-salt aerosols since sea-salt species Na and Cl- exhibit low 

concentration of during this period (Figure 6.5). Besides, the Angstrom exponent α, is 

>0.8 during pre-monsoon and winter, over the entire BoB, indicative of the presence of 

significant amount of small particles, with highest value of 1.2 in winter. The 

abundance of small particles over north-BoB is also evident from the low Reff. These 

patterns of α and Reff were examined in conjunction with those of the anthropogenic 

species SO4
2-, and NO3

- (Figure 6.5a) which are formed through gas-to-particle 

conversion mechanism and comprise mostly of small particles. It is seen that the 

latitudinal variation of these species are similar to that of α and opposite in nature to 

that of Reff, confirming the presence of significant amount of small particles during 

winter. 

 It may also be noted that the small particles may not contribute significantly to 

aerosol mass. In this context, the fine/small mode AOD contributed by fine particles 

(diameter < 1µm) was also examined (Figure 6.9e) which increases from south to north 

and peaks in winter over north-BoB like ML. On the other hand, the large mode AOD 

reveals a different picture with high values in monsoon throughout BoB and remaining 

more or less same, during other seasons. The average percentage contribution of small 

mode AOD over BoB is 45% in monsoon, 69% in pre-monsoon and 73% in winter, the 

south to north increase being 62% to 75% and 68 to 81% in pre-monsoon and winter 

respectively. Thus, the AOD over BoB in winter and pre-monsoon has significant 

contribution from the fine mode aerosols, which are mostly of anthropogenic origin. 

The high column AOD towards north- BoB during pre-monsoon and winter with the 
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column mass concentration remaining low throughout, can be attributed partly to other 

characteristics of aerosols like their scattering or absorption coefficient which are 

decided by refractive index which in turn depends on the chemical nature of aerosols 

and their number density. Here it is worth noting that (1) major contribution of AOD 

over north-BoB during winter is from the fine mode aerosols which include 

anthropogenic species like SO4
2-, NO3

-, BC, NH4
+, etc. (2) mass concentration of BC 

the major absorbing species peaks over north-BoB in winter and (3) mass concentration 

of dust aerosols containing Fe and Al peaks in pre-monsoon over north-BoB. The high 

AOD over north-BoB in winter is due to the presence of large amount of BC as well as 

other fine mode anthropogenic species like SO4
2-, NO3

-, etc. On the other hand the 

monsoon AOD is contributed significantly by sea-salt aerosols.  

 

6.11  Estimation of column mass concentration from in situ-measured 

near-surface mass loading and comparison with MODIS retrieved Mc 

In this section it is attempted to make an estimate of the columnar mass loading 

of aerosols over BoB based on the in situ measured near-surface mass loading, 

assuming an exponential decrease of the form M(h) =M0exp(-h/H) where M(h) is the 

mass loading at an altitude h, M0 is near-surface mass loading (the measured ML in this 

case), and H is the scale height; for which M fall by e-1 of M0. Mass concentration at 

each height interval of 0.5km is estimated with the scale height H= 1.5 km, 2 km and 3 

km and the respective column mass concentrations, Mc (µg m-2) are obtained by 

integrating upto 16km (tropopause). The error in these estimates is due to error in ML 

measurements and is estimated to vary from 2 to 15%, and dependent on ML. 

 In Figure 6.10a, c and e are shown the column Mc retrieved from MODIS and 

those estimated from ML for the sampling locations (with H=1.5km, which is best 

matching with the satellite retrievals) as discussed above for the three seasons. The 

corresponding scatter plots along with the linear fit obtained through regression 

analysis are also shown in Figure 6.10b, d and f. 

All major spatial features appearing in Mc estimated from in-situ measured 

near-surface aerosol loading ML matches well with the MODIS retrieved Mc in winter 

and pre-monsoon (Figure 6.10a and c). The correlation coefficients are 0.65 and 0.53 

for pre-monsoon and winter respectively, with confidence level of p ≥0.0001. But in 

monsoon no significant correlation exists between the two (Figure 6.10e and f). 
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Figure 6.10. (a,c,e) Comparison of MODIS-retrieved column mass concentration (Mc) 
of aerosols and that estimated based on in-situ measured near-surface aerosol mass 
loading over BoB and (b,d,f) the scatter plot between the two. The correlation 
coefficient (R), number of regression points (N), slope, y-intercept of the fitted line are 
also presented. 

  

 Over south-BoB, where low ML was observed, MODIS retrievals are found 

to be over-estimated, but over north and mid-BoB where high and moderate surface 

loading was observed they are in better agreement. During monsoon, the MODIS 

retrieved Mc values are over estimates and not at all correlated. This implies that the 

vertical distribution of aerosols does not follow exponential decrease in monsoon, 

instead there can be some layers present at higher levels. Moreover, this analysis shows 

that scale height over BoB is season and region-dependent and hence a uniform scale 

height cannot be assumed throughout the year and for the entire region. 

 

6.12  Discussions on the relevance of the study in the context of Indian 

monsoon 

The above observations on the spatial variations of near-surface and columnar 

loading of aerosols over BoB and the seasonal changes have relevance in strengthening 

our understanding of role of aerosols on the Asian monsoon system. It is well 

established that the monsoon system develops in response to the large scale land-sea 

thermal contrast from equator to ~ 30º N, and is a part of the natural cycle [Rao 1976; 
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Wang 2006]. This is controlled by the amount of solar radiation incident on the surface 

and the thermal capacity of the underlying surface. The ocean surrounding Indian 

landmass has a pivotal role in the development and sustenance of monsoon system. The 

strong ocean-atmosphere-land interaction in the northern Indian Ocean and Asian 

landmass during pre-monsoon is fundamental factor that induces the genesis and 

development of a monsoon onset vortex over the BoB, which in turn triggers the onset 

of the Asian summer monsoon [GuoXiong et al., 2011]. Sea surface temperature (SST), 

being one of the parameter for deep convection over tropics, is positively correlated 

with surface air temperature [Jaswal et al., 2012]. It is also known that aerosols affect 

the incoming solar radiation through scattering and absorption (direct effect) or acting 

as CCN and controlling the microphysics and morphology of clouds (indirect effect) 

and modify the surface reaching solar flux [Hansen et al., 1997; Kaufman and Koren, 

2006; Tao et al., 2012]. Even though the impact of aerosols on Asian monsoon is still 

disputed, several observational and modelling studies have shown that aerosols cause 

anomalies in the monsoon rainfall and their regional strengths [Menon et al., 2002; 

Ramanathan et al., 2001;Gautam et al., 2009; Jiang et al., 2013; Ganguly et al., 2009; 

Zhu et al., 2012; Yi et al., 2015]. Both positive and negative direct radiative forcing by 

aerosols on Indian summer monsoon has been reported [Wang et al., 2004, 2007; 

Ramanathan et al., 2001; Lau and Kim, 2006; Meehl et al., 2008; D'Errico et al., 2012; 

Jiang et al., 2013]. Experimental studies during INDOEX has shown aerosol induced 

surface cooling and lower tropospheric warming leading to large scale dynamical 

response like low level convergence [Chung et al., 2002]. Heating of atmosphere by 

aerosols and consequent enhancement of upward motion over Indian region in winter 

leads to weak monsoon [Menon et al., 2002; Bollasina et al., 2008]. The tropospheric 

warming due to absorbing species like BC, eventually act as an elevated heat pump 

[Lau and Kim., 2006] which leads to advancement and intensification of summer 

monsoon [Gautam et al., 2009]. Satellite based measurement of aerosol absorption and 

their estimate of critical cloud factor (ccf) has indicated a shift in ccf indicative of 

change in aerosol type from post monsoon to winter and consequently from cooling to 

warming regime Eswaran et al., (2014). The present study has revealed a change in 

chemical composition of aerosols from winter to monsoon from more absorbing species 

to more scattering type. The columnar AOD in pre-monsoon period is nearly half the 

value during monsoon and also exhibits north ward positive gradient. This low AOD 

enables more solar radiation to reach BoB which in turn is partially responsible for the 

pre-monsoon warming of the ocean surface and atmosphere. Even though this is part of 
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a natural cycle it can have impacts on the regional radiative forcing due to aerosols, 

depending on the amplitude of the seasonal variations. The inter-annual variation in 

aerosol characteristics could lead to anomalies in monsoon activity. The inter-annual 

variations in the onset date and intensity of rainfall and associated anomalies depend on 

the regional forcing. In addition, it was also reported that the impact of monsoon 

rainfall in reducing the aerosol load has impact on the north-east monsoon. Since the 

westward moving depressions (low pressure system) in BoB is responsible for a 

considerable amount of monsoonal rainfall, the large seasonal changes in aerosols 

characteristics has regional climate implications [Sumanth et al., 2004]. The present 

analysis has also revealed that the columnar properties of aerosols in any season have 

strong dependence on the physical and chemical characteristics of near-surface 

aerosols, which are controlled by continental advection and wind-induced sea-salt 

generation. 

 

6.13  Summary 

This chapter presents the seasonal changes in the in-situ measured near-surface 

features of aerosols over the marine boundary layer of BoB based on the ship-based 

experiments conducted as part of three field campaigns along with the corresponding 

changes in the satellite retrieved columnar properties. The measured near-surface 

properties include total aerosol loading (ML) and mass concentrations of various 

chemical species and the MODIS retrieved columnar properties are aerosol optical 

depth (AOD), column mass concentration (Mc), Angstrom exponent (α), effective 

radius (Reff) and fine mode AOD and fine mode fraction. The highlights of results are 

given below. 

1. Irrespective of the season, the ML exhibited high values over north-BoB and 

decreased towards south. This is mainly due to transport of aerosols from IGP to BoB 

as observed by the analysis of wind patterns and air mass back trajectories. Highest 

aerosol loading of ~83µg m-3 was observed over north-BoB in winter with close-by 

values in monsoon over north (~81µg m-3) and mid-BoB (~78µg m-3).  

2. Enhancement in column AOD and α over north-BoB during winter (~0.8 and >0.8 

respectively) decreases towards south. Mean AOD over north-BoB in winter and 

monsoon are comparable (~0.5). The low Reff and large (α) over north for winter and 

pre-monsoon indicating dominance of fine aerosols. 
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3. Column AOD and Mc showed similar spatial pattern, increasing from south to 

north. While column AOD in winter and pre-monsoon is ~50% of that in monsoon, the 

column mass loading shows a reduction of 30%. 

4. There is a change in chemical composition of aerosols over BoB for more 

absorbing species in winter to scattering type in monsoon. 

5. Presence of absorbing species like BC and mineral dust is partially responsible for 

the high AOD over north-BoB during pre-monsoon and winter. 

6. Chemical composition of aerosols over north-BoB shows that the high column 

aerosol loading and AOD in winter are due to anthropogenic aerosols and those in 

monsoon are due to sea-salt aerosols. The size characteristics of aerosols revealed by α 

and Reff confirmed the dominance of fine aerosols in winter and coarse particles in 

monsoon, supporting the above inference. 

7. Total aerosol loading as well as individual species showed an exponential decrease 

from north to south. The e-1 scale distance for total aerosol loading were estimated to be 

of 668km and 1567km in pre-monsoon and winter respectively. The scale distances for 

individual species varied from 550km to 1375km with longer distances in winter 

facilitating intrusion of pollutants to larger distances.  

8. In any season, considerable loading of anthropogenic/crustal aerosols is observed 

over BoB. The fine mode AOD contributes to 45% in total AOD during monsoon 69% 

in pre-monsoon and 73% in winter. 

9.  The column aerosol mass concentration estimated based on near-surface loading 

and that retrieved from MODIS revealed similar spatial patterns over BoB and in fairly 

good agreement. However, over regions of low near-surface loading, MODIS-retrieved 

mass concentration is found to be over-estimate by 40 to 140%. 

10. The columnar properties of aerosols over the marine environment of BoB depend 

strongly on the physical and chemical characteristics of near-surface aerosols as seen 

from the in-situ measured near-surface properties and satellite retrieved columnar 

properties. 

11. The regional changes in aerosol characteristics like AOD can influence regional 

weather systems and inter-annual variations can affect the monsoon systems. This 

aspect needs to be investigated further using models.  
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Chapter 7 

Summary and future scope 

 

7.1 Summary 

This thesis presents the results of a comprehensive study on the physical, 

chemical and radiative/optical properties of near-surface aerosols at the coastal 

environment of Thiruvananthapuram(TVM) and the marine environments of Arabian 

Sea (AS) and Bay of Bengal (BoB) based on collocated simultaneous measurements of 

physical and chemical characteristics. This thesis is organized in seven chapters. The 

highlights of the major outcome of this research activity and the future scope of this 

work are presented in this chapter. 

Chapter 1 gives an overview of the atmospheric aerosol system. Brief 

descriptions of the production and removal mechanisms, aerosol residence time, their 

physical and chemical characteristics, spatio-temporal variations and the major natural 

and anthropogenic sources of aerosols are included in this chapter. The climatic and 

environmental impacts of aerosols are also discussed. Different measurement and 

analytical techniques used world-wide to characterise aerosols are also outlined in this 

chapter. This chapter also highlights the importance of concurrent and simultaneous 

measurements of both physical and chemical properties of aerosols to bring out a 

realistic picture on the radiative/optical characteristics of aerosols. Results of a detailed 

literature survey of the scientific studies carried out on the physical, chemical and 

radiative characteristics of atmospheric aerosols all over the globe with emphasis on 

Indian scenario are also presented. This chapter concludes with a brief discussion of the 

scope of the present study in the above context. 

A detailed description of various instruments and techniques used for 

characterizing the physical and chemical properties of atmospheric aerosols is 

presented in Chapter 2. The measurement of near-surface aerosol number density and 

size distribution were carried out by using an Aerosol Spectrometer and for aerosol 

sample collection, a High Volume aerosol Sampler was employed. For the chemical 

characterization of aerosols, state-of-the-art analytical techniques like Ion 

Chromatography, Inductively Coupled Plasma-Atomic Emission Spectroscopy and 

Atomic Absorption Spectroscopy were used. The principle of operation and other 
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technical details of these instruments are also included in this chapter. In addition, the 

satellite-based data of columnar aerosol optical depth (AOD), mass concentration, 

Angstrom exponent and effective radius retrieved by MODIS also was used in this 

work. A brief account of the retrieval methods along with uncertainties is also 

presented. Highlights of supplementary data used for interpreting the observed aerosol 

features, like meteorological data (from Automatic Weather Station), NCEP/NCAR 

reanalysis of wind and airmass back trajectories from HYSPLIT model, are also 

presented in this chapter. Apart from this, a brief account of OPAC used for the 

computation of optical/radiative parameters of aerosols is also included.  

In Chapter 3 is presented the results of the first time comprehensive physico-

chemical characterization of aerosols at the tropical coastal site Thiruvananthapuram 

based on simultaneous and collocated measurement of total aerosol number density 

(particles of aerodynamic diameter >0.3µm) (N), number density size distribution 

(NSD) and chemical composition during the period 2011-2013. The chemical species 

quantified in the present analysis include SO4
2-, Cl-, NO3

-, F-, PO4
2-, HCO3

-,Na, K, Ca, 

Mg, Fe, Al, Pb, etc. In addition, data on BC and OC from this location are also utilized 

for chemical closure. The major findings are summarized in the following.  

a) The physical properties such as number density, size distribution and mass 

loading showed diurnal changes associated with mesoscale meteorological features like 

sea-breeze (SB) and land breeze (LB) and monthly/ seasonal changes associated with 

synoptic scale meteorology and transport. Aerosols number density remained invariably 

high during LB regime (night time) in all months except in June when it is comparable 

with that during SB (daytime).On the other hand, ML during SB exceeded that during 

LB in monsoon months whereas it remained high during LB in all other seasons. The 

mean ML obtained for the study period is 67±30µg m-3and total number density is 

(2.05±0.8)×108m-3. 

b) The source identification based on Principal Component Analysis showed three 

prominent sources of aerosols over TVM namely anthropogenic, crustal and marine 

which varied seasonally. Strong mixing of aerosols from these sources is also observed 

in different seasons. 

c) The NSDs are of multi-modal in nature with two prominent modes one at radius ≤ 

0.175µm and other ~0.7-0.9µm with indication of less pronounced modes in fine 

particle and coarse particle regimes. While the small particle mode becomes prominent 

in winter due to advection of inland aerosols, the coarse mode gets pronounced in 

monsoon due to wind-induced sea salt production.  
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d) Correlation analysis between the mass concentrations of various chemical species 

and size-resolved number density indicated that the anthropogenic species like NH4
+, 

SO4
2- are mostly in fine mode (diameter <1µm) for all the seasons while Na, Cl, Fe and 

Al in coarse mode (diameter>1µm). Species Fe, Ca, NO3
-, K and Mgare present in both 

the modes showing multiple sources or production mechanism for these species. 

e) First-cut chemical models of aerosols were evolved on seasonal basis including 

components of sea salt (SS) other Water-Soluble non-seasalt (WSN), Mineral dust 

(MD), Particulate Organic Matter (POM) and Black Carbon (BC). SS contributes 

maximum in monsoon (~40%) minimum in winter (with 6%) with 20% and 25% in 

pre-monsoon and post-monsoon respectively. WSN mostly comprising of 

anthropogenic species are found to beminimum in monsoon (13%) and lies in the range 

20-22% in other seasons. MD peaks in pre-monsoon (29%) and showed least for winter 

(10%) with monsoon and post-monsoon values being 25% and 17% respectively. BC 

and POM were highest in winter (~5% and 34 % respectively), POM remaining more 

or less same (~23-24%) in all other seasons. 

f) Based on the measured aerosol properties,the aerosol radiative characteristics 

namely scattering coefficient (βsc), absorption coefficient (βab)extinction coefficient 

(βex),single scattering albedo (SSA), and phase function (P(θ)) were estimated on 

seasonal basis for TVM for the first time. The (βsc) varied from 0.04 to 0.14 km-1 and 

(βab) between 0.01 and 0.05 km-1. There is strong seasonal variation insingle scattering 

albedo(SSA)being 0.71 for winter indicating the presence of more absorbing aerosols 

and 0.89 for monsoon season. 

g) Making use of the measured aerosol number density-size distribution and mass 

loading, an approximateestimate of the density of aerosols over the location was made 

on monthly basis. The density varied in the range of 1.4 to 2.6g cm-3 annually. 

h) Over a span of ~10 years from 2004 to 2013, the aerosol number density over 

TVM showed a mean increase of 19% and aerosol mass loading increased by 29%. 

These long-term changes are found to be season dependent. 

Chapter 4 deals with the spatial features of N, NSD, ML and mass 

concentrations of various chemical species measured over the marine environment of 

AS and BoB during pre-monsoon (March to May),revealed by ship-based 

measurements conducted as part of ICARB.Based on the measurements of chemical 

composition of aerosols, region-specific first-cut chemical models were evolved for AS 

as well as BoB and used for the estimation of the radiativeparameters βsc, βab, βex,SSA 

and P(θ). Compared to AS, BoB was found to be anthropogenically more affected in 
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view of aerosols number density, total aerosol mass loading and mass concentrations of 

anthropogenic species like SO4
2-,NO3

-,NH4
+and trace metals. Both fine mode and 

coarse mode number density of aerosols over BoB are one order higher than those over 

AS. The high aerosol loading over BoB is reflected in the scattering and extinction 

coefficients also.Associated with anti-cyclonic air flow, both N and ML showed low 

values over AS and BoB.While aerosols of natural origin like sea salt, mineral dust etc 

dominated over AS, continental species wheremore predominant over BoB. The mean 

% contribution of anthropogenic aerosols over AS is estimated as ~21%, and that over 

BoB is found to be ~64%.Significant mineral dust loading was observed over AS and 

BoB (being 15-37% and ~25% respectively) thus revealing the role of long range 

transport from arid/semi-arid regions.Mineral dust (Fe and Al) was found to be in both 

fine and coarse mode over AS and BoB. The SSAvaried in the range 0.88 to 0.95 over 

AS and 0.81 to 0.89 over BoB indicating the presence of more aerosols over BoB. 

The winter-time aerosol characteristics obtained through the ship-based 

measurements over the entire marine environment of BoB covering South East-BoB for 

the first time are presented in Chapter 5. During winter, the spatial distribution of ML 

showed two prominent high regions, one over north BoB and other over South East-

BoB. While the high over north BoB is caused by transport from the populated and 

industrialized IGP, that over SE BoB is due to transport from the anthropogenically 

active SE Asian region as revealed by the backtrajectory analysis and chemical 

composition. MLwas minimum over the mid BoB. The oceanic species (Na, Cl, Mg, 

etc), crustal species (Al and Fe) and anthropogenic species (SO4
2-, NH4

+, BC, etc) 

showed distinctly different spatial patterns. For the species like Ca, K and SO4
2- having 

both sea-salt (ss) and non-sea-salt (nss) components, the ss and nss components showed 

distinctly different patterns, with ss component peaking over SW-BoB and nss 

component exhibiting maximum over N-BoB.The anthropogenic species (SO4, NO3, 

NH4, BC, etc) peaked over north BoB and the crustal components were high near to the 

eastern coastal regions of India with isolated hotspots away from the coast.The 

anthropogenic aerosol mass load is estimated to vary from 60% to 98% over north-

BoB. Significant loading of natural aerosols (upto 60%) was noted over south BoB. 

The accumulated rainfall of ~15mm occurred close to cruise track produced 85% 

reduction in total aerosol mass loading and species dependent depletion. The 

percentage contributions of the major aerosol components SS, WSN, MD, POM and 

BC over different regions of BoB were found to be region dependent.The scattering and 

absorption coefficients were highest over north BoB(0.22km-1 and 0.045km-
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1respectively) followed by the coast (0.15km-1 and 0.025km-1 respectively) at 0.55µm 

wavelength. These estimated aerosol scattering and absorption coefficient were higher 

compared those estimated for pre-monsoon. The estimated SSA ranged from 0.76-0.86 

revealing the presence of more absorbing aerosols in this season. The influence of 

surrounding anthropogenically active landmass increases the aerosol loading in the 

marine boundary layer which can directly and indirectly affect the environment and 

regional climate. 

Chapter 6presents the results of a detailed study on the seasonal changes in the 

in-situ measured near-surface aerosol characteristics in the marine boundary layer of 

BoB as revealed by the ship-based experiments and the corresponding changes in the 

satellite-retrieved columnar properties of aerosols. The measured near-surface 

properties include total aerosol loading (ML) and mass concentrations of various 

chemical species and theMODIS retrieved columnar properties are aerosol optical 

depth (AOD), column mass concentration (Mc), Angstrom exponent (α), effective 

radius (Reff) and fine mode AOD and fine mode fraction. Irrespective of the season, ML 

exhibited high values over north BoB and decreased towards south indicative of an 

outflow from IGP to BoB extending to southern BoB. Highest aerosol loading of ~83 

µg m-3 was observed over north BoB in winter with close-by values in monsoon over 

north and mid BoB. Column AOD also peaked over north BoB in winter (~0.8) 

decreasing towards south. Mean AOD over north BoB in winter and monsoon are 

comparable (~0.5). The large αvalues and low Reff over north-BoBduring winter and 

pre-monsoon, indicated dominance of fine aerosols.The high AOD over North BoB in 

winter is attributed to anthropogenic aerosols and those in monsoon to sea-salt aerosols 

as revealed by their chemical composition.A seasonal change in the chemical 

composition of aerosols over BoB from more absorbing species in winter to scattering 

type in monsoon is seen.Presence of absorbing species like BC and mineral dust is 

partially responsible for the high AOD over north BoB during pre-monsoon and 

winter.Column AOD and Mc showed similar spatial pattern, decreasing from northto 

south.While column AOD in winter and pre-monsoon is ~50% of that in monsoon, the 

column mass loading shows a reduction of 30%.Total aerosol loading as well as 

individual species showed an exponential decrease from north to south. The e-1 scale 

distances for total aerosol loading were estimated to be of 668km and 1567km in pre-

monsoon and winter respectively whereas those estimated for individual species varied 

from 550km to 1375km with longer distances in winter facilitating intrusion of 

pollutants to larger distances. In any season, considerable loading of 
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anthropogenic/crustal aerosols is observed over BoB. The fine mode AOD contributes 

to 45% in total AOD during monsoon, 69% in pre-monsoon and 73% in winter. The 

column aerosol mass concentration estimated based on near-surface loading and that 

retrieved from MODIS revealed similar spatial patterns over BoB and in fairly good 

agreement. However, over regions of low near-surface loading, MODIS-retrieved mass 

concentration is found to be over-estimate by 40 to 140%. It is observed that the 

columnar properties of aerosols over the marine environment of BoB have bearing on 

the physical and chemical characteristics of near-surface aerosols.The regional changes 

in aerosol characteristics can influence regional weather systems and inter-annual 

variations may play role in creating monsoon anomalies. This aspect needs to be 

investigated further using models.  

 

7.2 Future Scope 
The present study has brought out several new results on the physical, chemical 

and radiative characteristics of aerosols at the tropical coastal site Thiruvananthapuram 

and over the marine environments of AS and BoB. At the same time, this work has 

opened up new themes for future research in the areas of aerosol chemistry and the role 

of aerosols in regional radiative forcingand their role in Indian monsoon.The highlight 

of future directions in which the research activities to be focused in view of the 

outcome of the present work are given below. 

Quantification of carbonaceous aerosols in atmospheric aerosols over different 

geographical environments is essential for more realistic assessment of the radiative 

and environmental impacts.Region specific models for the chemical composition of 

aerosols needs to be brought out including particulate organic matter through 

systematic long-term measurements. 

Since the radiative impacts of aerosols dependent on both size and chemical 

nature, studies on size-resolved chemical composition of aerosols is to be focussed.The 

present study also brought out the need for evolving regional aerosol models combining 

the physical characteristics like size-distribution, mass loading and density along with 

size-resolved chemical composition.  

A comprehensive picture on the near-surface and columnar properties of 

aerosols over Indian land mass and surrounding oceanic regions to be brought out 

making use of in-situ measurements and available satellite data. Based on this, realistic 

radiative forcing estimates are to be made. 
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Another major aspect to be addressed is the altitude dependent aerosol chemical 

composition. This can provide better understanding of long range transport and the 

source characteristics.  

The role of aerosols in the Asian monsoon is still a topic of debate.The radiative 

forcing caused by aerosols on regional scales is to be estimated using radiative transfer 

codes and in depth analysis of the monsoonal anomalies needs to be carried out.  
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