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Atmospheric aerosols are intricately linked to the earth’s climate and it is

now well recognized that they are crucial elements in “climate change”TlThey

perturb the radiative balance of the earth-atmosphere system by directly scattering

and absorbing the solar short wave and the terrestrial long wave radiation and

indirectly through modifying the optical properties and life span of clouds.

On a global basis, about 90% of the aerosol loading is caused primarily by

the natural sources, mainly consisting of sea-salt and dust. The rest of the aerosol

burden is contributed by anthropogenic activities such as industrial and vehicular

emissions, forest fire, bio-mass burning, fossil fuel combustion etc. This diversity

in the sources leads to pronounced variation in their physical and chemical

properties. Large spatial heterogeneity of sources and their temporal non

uniformity along with the short residence time (typically few days in the

troposphere), of aerosols leads to pronounced spatio-temporal variations in their

distribution. Long-range transport is another important factor that influences the

spatio-temporal variability. These heterogeneities in the aerosol distribution and

properties challenge the quantification of their impact on the climate system.

Satellite remote sensing is an ideal tool for the regular monitoring of the

global distribution of aerosols. Launch of new satellite-borne sensors with

enhanced capabilities in the recent years brought a revolution in the
lmderstanding of global aerosol distribution and their long range transport. The

multi-spectral satellite sensor, “MODIS” is a unique instrument capable of

synoptic scale monitoring of aerosols with fine spatial resolution, on a daily basis.

In order to assess the aerosol variations due to source and transport activities,

NCEP reanalysis is a reliable source of prevailing meteorology and dynamics in

the earth-atmosphere system.

In the present study, an attempt is made to investigate the transport

dynamics of aerosols at different geographical environments over the Indian sub
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continent and the adjoining oceanic regions, mainly by using aerosol data from

MODIS and reanalysis winds from NCEP. The study also aims to identify the

sources of aerosols and estimate their strengths, using an aerosol flux continuity

equation. This theme presented in the thesis opens up a distinct phase in the

study of aerosols.

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

on the atmospheric aerosols with emphasis on the importance of studies on

aerosol transport. A review on the space-bome aerosol remote sensing and their

advantage in addressing the transport dynamics of aerosols are discussed in this

chapter. The specification details of MODIS sensor, a brief description on

MODIS aerosol retrieval algorithm and a summary of the NCEP reanalysis data

are presented in Chapter 2. This is followed by brief accounts on other
instruments additionally used in the present study. The mathematical approaches

adopted for the analysis of aerosol transport dynamics and for the estimation of

aerosol source strength using the flux continuity equation are also detailed in this

chapter.

Chapter 3 discusses the transport features of aerosols over the Ganga Basin

in the winter period (December, 2004), when ISRO-GBP Land Campaign —H was

conducted in this region. This study reveals the association between day-to-day

changes in the spatial distribution of AOD and wind convergence at lower

altitude (below I km) over the Ganga Basin. The aerosol flux continuity equation

is used to identify the major sources prevailing in this region.

In Chapter 4 the aerosol transport dynamics over the South East Arabian

Sea (SEAS) during the pre-monsoon period (ARMEX-H campaign, March 14

April 10, 2003) is presented. The observed day-to-day variation of AOD in the

cruise is connected to the day-to-day changes in the spatial distribution of aerosols

over the SEAS. AOD data from MODIS is used for this purpose. The role of

atmospheric circulation variables and relative humidity in the spatio-temporal

variations of aerosol distribution are examined in detail in this chapter.

ii



The transport dynamics of aerosols over the Bay of Bengal (B0B) during the

pre-monsoon period (first phase of ICARB, March 18 — April 12, 2006) is detailed

in Chapter 5. Wind field variables at different altitudes are analysed to establish

the transport mechanism of aerosols over the BOB during this period. The

influence of flux convergence and flux vorticity in goveming the day-to-day

variation of mean AOD over the BOB especially through the higher altitudes

winds (above 3 km), is brought out clearly in this chapter. Computations with the

flux continuity equation show weak sources of aerosols over the BOB at the

locations of moderately high surface wind speeds.

A detailed analysis of the aerosol transport over the Arabian Sea during the

pre-monsoon period (second phase of ICARB, April 18 — May ll, 2006) is

presented in Chapter 6. Wind field variables are examined to delineate the

processes which are responsible for the observed spatial variation of AOD over

the Arabian Sea. The mechanism governing an episodic event marked by the

appearance of an aerosol cluster off the Maharashtra coast, its southward

movement along the Indian west coast and its final dispersal after reaching the

southern end of Indian peninsula, is studied in detail. This chapter also brings out

the influence of flux convergence at an upper level (~ 3 km) on the day-to-day
variations of AOD over the Arabian Sea.

The major findings in the work presented are surmnarized in Chapter 7.

This chapter also outlines the future scope of research in the field of aerosol

transport dynamics.
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Ct I
overview on atrnospheric aerosols and

transport

1.1 Introduction

Intergovernmental Panel for climate change [IPCC, 2007], reports that the current

global warming based on the build up of green house gases (GHGs) from the industrial era

is ~ 0.8° C, which is smaller by a factor of 3 to 4 as against the expected value of ~ 2.4° C

[Ramanathan and F eng, 2009]. Further, studies have indicated that this discrepancy

between the observed and the estimated value, is mainly due to the effect of ‘Atmospheric

Aerosols’, which are capable of partly nullifying the warming effect caused by the GHGs

[Santer et al., 1996; Kaufman et al., 1997a; Haywood et al., 1999]. It was only in the early

l990’s the significance of aerosols in the climate change was recognized, even though it

was speculated in the early sixties and seventies [McCormick and Ludwig, 1967; Mitchel,

1970]. Unlike the GHGs, the perturbation due to these relatively short lived species

(aerosol) on the radiative balance of the earth-atmosphere system [Charlson er al., 1992;

Haywood and Boucher 2000] is difficult to estimate primarily because of their large spatio

temporal heterogeneity in (i) concentrations, (ii) optical and chemical properties and

(iii) vertical distribution. After more than two decades of scientific investigation in this

area, studies still project them as the most variable component in the atmosphere

responsible for the greatest uncertainty in the climate prediction models [1PCC, 2007].
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1.2 Aerosol generation in the atmosphere
Atmospheric aerosols are tiny solid or liquid particles suspended in the air with size

ranging between l0'3 and 102 pm. A major factor responsible for the heterogeneity of

aerosols is the wide variety of their generation mechanisms, which can be broadly classified

as primary and secondary processes.

In the primary generation mechanism, aerosol particles are produced directly from

the sources. Wind generated dust over arid and desert regions and sea-salt particles over the

ocean surface are examples of this mechanism, which is also called ‘Bulk-to-Particle

Conversion’ (BPC) process. In the secondary production mechanism, aerosols are created

under different meteorological conditions through chemical reactions of gases emitted from

industries, vehicular transportation, etc. This is termed ‘Gas-to-Particle Conversion’

(GPC) process [Praspero er al., 1983; Jaenicke, 1984]. Falling in one of these mechanisms,

aerosol generation by different sources is either natural or anthropogenic.

1.2.1 Natural aerosol sources

About 90% of the total aerosol burden in the atmosphere is of natural origin, which

includes sea salt particles from the oceans, soil dust from deserts and other arid regions,

smoke from wild peat and forest fires, volcanic emissions, etc.

1.2.1.1 Oceans

The agitation of sea surface by winds with speeds greater than around 3 - 4 ms'],

generates air bubbles on the sea surface which then burst give rise to jets of water that break

into fine droplets [Blanchard and woadcock, 1957; Monahan, 1971]. Each bursting bubble

produces between one to ten jet drops (radii < 10 pm) and several hundred smaller film

droplets (radii < 1 pm) [Woolf er al., 1988]. These drops and droplets get equilibrated to the

ambient relative humidity and become sea-salt particles or sea-salt solution droplets. For

wind speeds exceeding 10 ms" the mechanical disruption of wave crests leads to spume

drops with sizes > l0 pm radius [Wang and Street 1978; Monahan et aI., I986]. Sea-salt

particles produced over the oceans constitute the single largest contributor to the global

aerosol burden with a production rate of ~l000 - 10,000 Tgyfl [BIanchard, 1983; Winter

and Chylek, 1997] amounting to about 30 — 75% of the natural aerosols [Blanchard and

Woodcock, 1980]. The abundance and size spectrum of the sea-salt aerosols are strongly
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influenced by the wind speed [W0odcock, 1953; Blanchard, 1963]. lt is speculated that the

sea-salt production increases by about 10 times for each 4 ms'1 increase in wind velocity

[Tsunogai et‘al., 1972]. The major chemical species constituting the sea salt particles are

chlorine (CY), sodium (Nai), sulphur (SO42), magnesium (Mgzl), calcium (Cazl), and

potassium (IC) [Wils0n, 1975].

Oceans also produce secondary aerosols in the ultra-fine size range primarily in the

form of non sea-salt sulphate (nss) and organic types, through the GPC processes of the

gaseous emissions from phytoplanktons [O ’D0wd et al., 1996]. Almost all the species of the

marine phytoplankton during senescence or when grazed release dimethyl sulphide

(CH3SCH3) vapour. The dimethyl sulphide (DMS) in the air gets oxidised in the presence

of OH to form methane sulphonic acid (CH3SO3H) and SO42‘ [Fitzgerald, 1991]. These

GPC processes are important in shaping the sub-micron part (radius < 0.5 pm) of the

marine aerosol size distribution [Fitzgerald and Hoppel, l988; Hoppel et al.,l990].

Concentration of DMS in the ocean follows the seasonal cycles of oceanic primary

productivity [Pr0sper0, 2002]. ln the regions of ocean upwelling where productivity is

large, the concentration of sub-micron sulphate particles has been found (at times) to

exceed that of sea-salt sulphate particles [Fitzgerald 1991]. But, in clean maritime

situations, sulphate (from GPC) contributes less than 25% of aerosol mass while the rest is

predominantly contributed by sea-salt particles in all the size ranges [O'Dowd and

Smith,l993], mainly produced by BPC.

1.2.1.2 Deserts/ Arid regions
Deserts which cover almost one-third of the earth’s land surface with a contribution

of 30 — 50% are the next major producer of naturally occurring tropospheric aerosols

[d'Almez'da"-er al., 1991]. When wind blows over the arid regions, the momentum from wind

is transferred to the soil particles and they will be easily dislodged from the surface. The

emission of dust from soil depends upon its moisture content, surface wind speed and soil

conditions (vegetated or bare soil) [T egen and Miller, 1998; Miller et al., 2004]. Though the

dust predominantly consists of large aerosols with maximum radii around 100 pm, studies

by d’/llmeida and Schutz [1983] have demonstrated the presence of smaller particles (~0.0l

pm radius) with number size distribution peaking around 0.1 pm in the accumulation mode.

Estimates of annual dust emission range from 1000 to 3000 Tgyr" [Cakmur et al., 2006].

Principal elements constituting mineral dust are Si, Al, Ca and Fe as carbonates and oxides
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[Malm et al., 1994]. Soil-derived dust accounts for more than 50% of the total Cr, Mn and

V emissions, as well as for 20-30% of the Cu, Mo, Ni, Pb, Sb and Zn released annually into

the atmosphere [Pacyna, I998].

Hotspots of dust are centred mostly around the topographical ‘lows’ which were

flooded with water around 2 million years back. On a global scale, the dominant sources of

mineral dust are all located in the northern hemisphere, mainly in the North Africa, the

Middle East, Central Asia, and the Indian subcontinent [Herman et al., 1997; Prospero et

al., 2002]. There is a large spatial variability in dust emission scenario with changing

seasons. In North Africa, dust activity during winter which is quite large in low latitudes

shifts to higher latitudes as the year progresses. Around 3 Tg of mineral dust is injected into

the troposphere annually from the Saharan desert [Prosper0, 1996]. In the Middle East, the

activity peaks in late spring and summer and is minimum during winter. Over the Indian

subcontinent, the dust activity peaks during spring and decreases in summer, with the onset

of the southeast monsoon. In Asia, dust activity peaks in spring [Prospero et al., 2002].

Mineral aerosols from West and Central Africa accounts for nearly 50% of the global dust

loading [Luo er al., 2004] and therefore is responsible for about 20% of the global aerosol

optical thickness [Tegen er al., 1997]. Droughts also cause increase in mineral dust

concentration on a synoptic scale [Prospero and Nees, 1977].

1.2.1.3 Volcanoes

Volcanic eruptions eject large amounts of materials mainly as precursor gases for

GPC process, water insoluble dust and ash into the atmosphere [Par-ameswaran, 1998].

This is the most important source of aerosols in the stratosphere. The primary particles that

are ejected into the atmosphere, being larger in size, settle down very fast. But the gases

like SO; reach up to the stratospheric altitudes and undergo chemical reactions such as

oxidation of SO; to SO3, hydration, direct GPC conversion and reactions with water vapour

to form sulphuric acid (H2804) [I-Ioffman, 1988]. Very small size of these particles and the

absence of any major loss processes in the stratosphere favour to extent their life time up to

around 2 years or even more, favouring an easy distribution all over the globe [Farlow and

Ferry, 1979]. Volcanic aerosols also serve as surfaces for heterogeneous chemical reactions

that destroy stratospheric ozone [R0b0ck, 2000].

The importance of volcanic activities varies depending on the strength of the

eruptions, but on an average, they contribute 15 ~ 90 Tgyr” [Parameswaran, 1998]. For

4



Chapter 1

instance, the famous Mt. Krakatoa eruption in the East Indies in 1883, was so severe, that it

produced a veil of volcanic dust in the stratosphere causing considerable reduction of

sunlight around the world for months together, resulting in a cooling of the earth’s surface.

The Katmai (Alaska) in 1912, Mount Agung (Indonesia) in l963, El Chichon (Mexico) in

1982 and Mount Pinatubo (Philippines) in 1991 were-some-of the strong volcanic-eruptions

in the 20"‘ century which produced notable impacts on climate [R0b0ck, 2000].

1.2.1.4 Biological debris

Biological processes are also important sources of natural aerosols. Particulates of

biological origin are derived from living organisms such as protein-containing cells,

microorganisms and fragments of living things [Jaem'cke, 1993]. This includes a wide range

of biogenic particles, such as small viruses, bacteria, algae, pollen grains, plant debris like

leaf litter and terpenes consisting of unsaturated hydrocarbons found in essential oils and

oleoresins of plants such as conifers. Coarse size aerosols dominate in the size distributions

of these particles. Biological processes account for aerosol emission around 25 - 80 Tgyr'1

[d’/llmeida et al., 1991].

1.2.2 Anthropogenic aerosol sources
About 10% of global atmospheric aerosol mass is contributed by human activities.

They are mainly concentrated in the immediate vicinity of the sources and along the

downwind direction. Industrial effluents, exhausts from vehicles, fossil fuels and biofiael

combustion, biomass buming, etc, are the major anthropogenic sources of aerosol emission.

Anthropogenic buming of agricultural and crop wastes has tremendously increased in the

past two decades and is contributing to around 95% of the total biomass emissions [Hewit

and Jackson, 2003; Streets et al., 2003; Bond et al., 2004,]. Although the per-capita usage

of biofuels in the developing countries is declining, with the usage of more efficient

commercial energy sources, the total consumption still shows an increasing trend [Hall et

al., 1994] due to the increase in population. Seasonal and inter-annual variability in the

open-buming has been studied using the active-fire-count data from satellites [Duncan et

al., 2003; Reddy and Boucher, 2004]. Both fossil fuel and biomass burning contribute to

primary aerosols by emitting particles like fly ash, dust, black carbon (BC) and organic

carbon (OC) while precursor gases such as SO27 NO, and volatile organic compounds fonn
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secondary aerosols through GPC processes [Andrea and Crutzen, 1997]. Central South

America, South Africa and South Asia are among the major biomass-burning regions in the

world [Streets er a1., 2004].

Fossil fuel combustion in the thermal power plants, other industrial activities and

exhaust from vehicles are important sources of sulphates and nitrate-st.“Aerosol-emission

from industrial activities is estimated to be nearly l0OTgyr'] [Hewit and Jackson, 2003]. By

around 1960, the natural emissions of sulphur in the atmosphere was exceeded by

anthropogenic SO; emissions, predominantly from fossil fuel buming (about 72%) {M0ller,

1984] with a small contribution (about 2%) from biomass burning [IPC C, 2007]. Pollution

aerosols were modelled first exclusively as sulphates [Kiehl and Briegleb, 1993], but the

new chemical measurements [Novakov et al., 1997] made downwind of the eastem United

States show that the contribution of carbonaceous material to aerosol optical depth (around

30%) is double that of sulphates (around 16%) which arises mainly from incomplete

combustion activities. Globally, biomass and biofuel burning contribute about 65% and

fossil fuel about 35% to the emission of BC [Bond er al, 2004].

Increase of SO; emissions in India during the years l979 — 2000 has been reported

to be 47% per decade and is attributed to the increase in population over these years

[Massie er al., 2004]. Anthropogenic sources such as biomass buming and fossil fuel

combustion contribute above 75% of the aerosols observed over the Indian subcontinent

which is further confirmed by their high BC content and absorbing nature [Gabriel er al.,

2002]. These are blamed for the extensive Atmospheric Brown Cloud (ABC) over the

South Asia [Gustajfson er al., 2009].

Soil and desert dust also can be considered partly pseudo-anthropogenic because of

the human impact on land cover and desertification [Fucker er al., 1991]. Some studies

have reported that the anthropogenically contributed dust can be as high as 30 to 50% of

total dust production even though these estimates have large uncertainties [Tegen and F ung,

1995; Sokolik and T oon, 1996]

1.3 Properties of aerosols
Atmospheric aerosols influence the radiative energy balance of the earth

atmosphere system, through their interaction with the solar short wave and terrestrial long

wave radiation [Charlson and Pilaf, 1969; Twomey, 1977; Coakley er aI., 1983; Lubin er
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al., 1996]. This interaction is basically detemiined by the physical properties of aerosols

such as size, shape, concentration and their chemical composition.

1.3.1 Aerosol size

Aerosols in the atmosphere are polydisperse in nature. Based on the particle size,

they are generally classified into three categories [Junge, 1963]: (i) Aitken particles (radius

< 0.lpm) (ii) large particles (radius ~ 0.1 pm to I pm) and (iii) giant particles (radius > l

pm). In terms of the mechanism of aerosol production these categories respectively fall into

(i) nucleation (radius ~ 0.001 to 0.1 pm) mode (ii) accumulation mode and (iii) coarse

mode particles [I/Vhitby, 1978].

As discussed in the previous section, large amount of volatile gases are released into

the atmosphere through the combustion processes, transportation, industries etc. These

gases, through GPC processes under different atmospheric conditions give rise to ultra fine

and sub-micron particles termed as ‘nucleation mode aerosols’. The ‘accumulation mode

aerosols’ are formed mainly through the coagulation of nucleation mode particles and

further by the condensation of water vapour on them [Prospero et al., 1983]. Particles

comprising the nucleation and accumulation size ranges are mostly the anthropogenic

aerosols. On the other hand, the primary particles that are formed through BPC processes

are termed the ‘coarse mode particles’ and comprise mostly of natural aerosols. Soil and

mineral dust from the deserts and sea-salt from the ocean surface are the major component

of particles in coarse mode.

1.3.2 Aerosol size distribution

In a poly-disperse system where different particle sizes co-exist, the size distribution

is modelled using different functional forms. Size distribution of aerosols is a core physical

parameter that determines the properties like mass and number density or optical scattering

in different size ranges [Harrison and Van Grieken, 1998]. The size distribution at a

location depends not only on the source mechanisms, but also on the removal processes as

well as the prevailing meteorological conditions (these aspects will be discussed later)

[Vaveka er al., 2000].
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Since the size range of aerosols varies over several orders of magnitude, it is usually

expressed in the logarithmic scale. The number size distribution n(r) is defined as the

number density of particles for unit radius interval in the logarithmic scale as,

n(r)= 31- (1.1)
dln(r)

where dN is the number of particles per unit volume in the radius range d ln(r) centered

around ln(r). The size distribution is modelled using different analytical fonns matching

with the observed size distribution. 

1.3.2.1 Power law distribution

Based on the measurements of the continental aerosols, Junge [1963] found that the number

of aerosols decrease with increase in size for r > 0.l um and the variation can be fairly well

represented by a power-law as

n(r)=C I-0 (1.2)
where C is a constant depending on the total number of particles and 0 is the ‘size index’,

which is an indicator of the relative dominance of larger particles over the smaller ones.

The value of 0 generally varies between 2 and 5. However, this type of distribution is not

valid for particles < 0.1 pm. It is mainly because the ultra fine particles are rapidly

transformed into larger ones by coagulation and have very short residence time; sometimes

of the order of minutes. Hence in the aitken range, the size distribution would not increase

indefinitely with decrease in size, but reaches a maximum around 0.01 pm and then

decreases for further decrease in size. McClatchey er al. [1972] has suggested—a

modification of the Junge power law defined by,

n(r): C, 10 ‘° 0.02um<r<0.lumn(r)=C, r'° 0.lum<r<l0pm (1-3)
n(r)=0 r< 0.02pm and r > 10pm

where Cl and C2 are constants decided by the continuity of the distribution and total amount

of aerosols. This model of aerosol size distribution is found to be fairly well suited for

describing the optical effects of aerosols.
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1.3.2.2 Gamma distribution

Deirmencfiian [1969] has proposed a size distribution which is widely accepted to

describe haze and cloud particles. This is in the form of a modified Gamma distribution

function given by

n(r)=A r"' exp(—-Brk’) (1.4)
where A, B, k| and kg are positive constants. The radius intervals in this fI.ll'lCIiOl'l can be

chosen as large as required to include the lower and higher size ranges. The maximum of

the distribution occurs at rm, at which the different constants are related as,

k, =Bk,1;§1 (1.5)
1.3.2.3 Log-normal distribution

The most commonly used functional form for the size distribution is the multi

modal log-normal distribution [Deepak and Box, 1982; d ’Almez'da et al., 1991]. The

general form of this distribution is given by,

“ Nmi (logr —logrmi)2n(r)=;\/Tymiexp L  26; ~ ] (1.6)
where rm; is the mode radius, om, is the standard deviation, Nmi is the total number density

for the ith mode. Summation is carried out over ‘n’ individual lognormal distributions. This

fomi of the aerosol size distribution is widely used for all types of naturally occurring

aerosols in the atmospheric boundary layer and troposphere. Different modes included in

Eq.(1.6) represent the contributions from distinctly different aerosol sources

(anthropogenic, marine, etc.). In practice a summation of three individual lognormal modes

is sufficient to characterize most of the naturally occurring aerosol systems. Figure.l.l

shows lognormal number size distributions of different species detected after the Kuwait oil

fires [Parungo er al., 1992]. Though each species has a mono-modal distribution, the

composite is fairly well represented by a bi-modal lognormal distribution.
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Fig.1.]. Size distributions of various kinds of particles collected after the Kuwait oilfires
[Parungo et al., 1992].

1.3.3 Different forms of size distribution

Depending on the physical phenomena of interest, aerosol size distribution is

expressed in three different ways: in terms of surface area [sd(r)], volume [vd(r)] or mass

concentration [md(r)]. These are related to number size distribution through the following

expressions.

=4r:r2 n(r)=(4/3)TEI‘3 n(r) (1.7)
= dr Va (I)

< (/1
as Q. C1
/'\‘i-g‘ "iI-1 ‘__,\_/\../

where d, is the particle density.

Aerosol distribution expressed in tenns of surface area is important in the context of

chemical reactions as well as the effects of scattering. Expressing in terms of volume or

mass concentration is more relevant for describing the extinction properties of aerosols (or

aerosol loading in the atmosphere). In the total aerosol content, nucleation mode particles

contribute mainly to the number, while the accumulation and coarse modes mainly

contribute respectively to the surface area and the volume or mass concentrations

[Parameswaram 1998].
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1.3.4 Shape of aerosols
On the basis of shape, aerosols are generally classified as Isometric particles (whose

all the three dimensions are roughly the same), platelets (with two dimensions long and the

third dimension small) and fibres (with one dimension long and the other two short). But in

practice, aerosols do not have regular geometric shapes except in very rare cases [T womey,

1977]. However, for the sake of simplicity, spherical shape is assumed in most of the cases,

notwithstanding the fact that in recent years, attempts are being made to incorporate non

sphericity to describe their scattering property [Mishchenko and Travis, 1997].

1.4 Aerosol sink processes
The major removal processes of aerosols in the troposphere are either dry or wet

deposition. Dry deposition includes scavenging of the particulate matter by sedimentation,

impaction on various surfaces or transfer to the surface through diffusion. Sedimentation is

another removal process in which the particles fall under the gravity. About I0 — 20% of

the mass of the total aerosols is lost through this process which is mostly the case for

particles greater than a few micrometers in size. Loss through impaction on the vegetation,

buildings and other objects is the most important mechanism for particles in the size range

less than few micrometers, but it is also govemed by the wind speed [Slinn and Slinn,

I980]. In addition to the particle size, the aerosol removal efficiency by this process is also

govemed by the nature of the underlying surface. For example, the removal is more

effective over rough surfaces such as forests and urban areas, than over the smooth surfaces

such as water and grass lands.

Wet deposition of aerosols involves rainout and washout processes [Prospero et al.,

1983]. In the rain out process - also called nucleation scavenging - the particles act as cloud

condensation nuclei (CCN) and get removed from the atmosphere through precipitation. In

the washout process, aerosols are removed through incorporation into precipitation as a

consequence of processes occurring below the cloud base [Prospero er al., 1983]. The

aerosol mass removed by washout is several orders of magnitude lower than the nucleation

scavenging.

The ratio of wet-to-dry removal of aerosols containing ocean derived elements (eg.

Na, Cl, Br, I) are found 3 to 5 times more than that containing crustal or pollution derived

elements (Fe, Al, Pb) [Duce er al., 1979; 1980]. Jaenicke [I984] has shown that in the 0.1

pm particle size range, wet removal is 30 times more effective than dry removal processes.

For giant particles in the atmosphere, wet removal is not very efficient and particles larger
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than l0 pm are removed mainly by dry removal processes [Whelpdale, 1982; Jaenicke,

1984].

1.5 Aerosol residence time

The two opposing processes of production and loss combine to give the aerosols a

definite life time in the atmosphere. Residence time refers to the mean time of a particle to

remain air-bome. It decides how far the aerosol particles generated at a particular location

will travel and where they will be deposited [Prospero et al., 1983]. The residence time

can also be defined as the time required for the particle population to decrease by a factor of

exp(-1) of the initial concentration.

For a first order removal process, the concentration of aerosol at any time t, N(t) can

be described by the equation

N(t) = N0 exp (-R, t) = N0 exp (-t/D) (1.8)
where N0 is the concentration in the source or at time t=0, R, is the removal rate (s‘l) and D

is the residence time.

But it is not possible to generalize the residence time of aerosols, as it varies with

altitude as well as with the particle size. In general, the aerosol residence time varies from a

few hours near the surface to a few years at higher altitudes (e.g. stratosphere). Residence

time of particles in specific regions will vary depending on the meteorological and

climatological conditions. For example, the residence time of particles could be

significantly large in the Arctic region compared to the mid-latitudes. Decreased

precipitation and increased air mass stability are two possible reasons for this feature.

Further, the removal by impaction will be ineffective over the relatively smooth snow

covered surface over the Arctic as against the rough and vegetated surface in the mid

latitudes [Prospero er al., 1983].

As the nucleation mode number concentration rapidly decrease through coagulation

and coarse mode aerosols are removed fast by sedimentation, both these types of particles

are rather short lived compared to the accumulation mode particles. Hence the

accumulation mode particles will have a large residence time making them the dominant

species in the atmosphere [Jaenicke, 1984]. In their size range, where the removal is mainly
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controlled by the wet processes, Jaenicke [1984] has developed a semi-empirical relation

for aerosol residence time given by

2 -2i=1 L +1 l +L (1.9)D c In c rn Dwe,

where D is the residence time, r is the particle radius, rn is the normalization radius (0.3 um,

because it has the longest residence time), c is a constant (1.28 x 108 s) and Dwe, is the

residence time resulting from wet removal processes. This yields a maximum residence

time of about a week in the lower troposphere, which increases to several weeks in the

upper troposphere. In the stratosphere, residence times are typically of the order of 12
months for volcanic aerosols. The residence time of aerosols as a function of size and

altitude within the tropospheric region is depicted graphically in Fig.1.2.
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F ig.1.2 Estimates of residence times of aerosols as a function of their diameters [H0bbs,

2000]

1.6 Major aerosol transformation processes
Certain processes in the atmosphere shift the aerosol particles from one size regime

to another. This change in size spectrum will influence optical and radiative properties of

the aerosol system. Two such important processes are coagulation and condensation.
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1.6.1 Coagulation

Coagulation is the process in which small particles collide each other through

turbulent diffusion and coalesce together to form larger ones. This leads to an increase in

the number of larger particles at the expense of smaller particles without affecting the total

mass concentration. Coagulation principally affects the large population of small particles

more than the small population of large particles.

In a unit volume of air containing N particles in two size groups with radii r1 and r2,

the rate of coagulation is given in modelled as [McCartney, 1976]

£'E=_5Tf‘ (H + all l1+el—"'lN’ (1.10)dt 6p.vis r, r2 r

where r is the mean value of r; and r2, k is the Boltzman constant, T is the temperature in

Kelvin, uvis is the viscosity of air (1.8 x l0'4 g cm" sec" ), e is empirical constant (0.9 cm)

and lm is the molecular mean free path [6 x l0'6]. fr is expressed as

f _ radius of sphere of particle influenc_ep(capture)' radius of particle

f, = 2 implies that any two colliding particles will coalesce on touching at any contact angle

from head-on to grazing incidence.

The rate of coagulation is minimum for two particles of the same size and it

increases with increase in size difference [McCartney, 1976; Pruppacher and Klett, 1978].

According to Byers [I965], particles of radius 0.01 pm coagulate 3 times faster with

particles of radius 0.1 um than with particles of the radius 0.02 pm and 30 times faster with

the particles of radius l um. In natural aerosols, the effect of coagulation is to make the

maximum of the distribution to lie between radii of 0.01 um and 0.1 pm [McCartney 1976].

Figure l.3(a) shows the effect of coagulation on the time evolution of particle size
distribution.

1.6.2 Effect of relative humidity
Relative humidity (Rl-l) is the ratio of the amount of water vapor present in the

atmosphere to the amount that it can hold (without precipitating) at the prevailing

temperature. ln other words, it is the ratio of ambient water vapour pressure to the

saturation vapour pressure expressed in percentage. Depending upon the geography of the
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Effect of RH on the absorption coefficient is uncertain though some theoretical

studies indicate that it is much smaller than that on the scattering coefficient [Redemann et

al., 2001]. As the ambient RH decreases, condensed water will evaporate resulting in the

reduction of particle size. But recent studies have shown that the dependence of particle

size during the increasing phase of RH is not retraced in the decreasing phase (especially

for solution droplets) - an effect called the hysteresis effect [Rood et al., 1987]. Figure 1.3

(b) shows the particle diameter change for various aerosol compositions [Tang et al., 1977;

Tang and Munkelwitz, 1977; Tang 1980].
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F ig.I.3. Eflect of coagulation on particle size distribution, N0 = I08 cm‘3' median diameter=
I ,um and initial geometric standard deviation = 2 [Baron and Willeke, 200] from Hinds,
1999] (a) Equilibrium aerosol diameters as a function of relative humidity for various
aerosol compositions. The values for NaCl, H3804 and (NI-I4)HSO4 are based on work of
Tang et al. [I977]; Tang and Munkelwitz [I977]; and Tang [I980]. The line shown for the
mixture is based on the laboratory experiments with various molar ratios of (NH4/S04)
ranging from 0 to I[Porter and Clarke, I997] (b)

1.7 Interaction of aerosols with radiation

Aerosols interact with the short wave solar radiation and long wave terrestrial

radiation through scattering and absorption, leading to the attenuation of the incident

radiation. This extinction depends on the physical and chemical properties of aerosols, their

concentration as well as the frequency of the incident beam itself [Bohren and Huflman,

1983]
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1.7.1 Scattering and absorption
Scattering is the process by which a particle redistributes the incident radiant energy

into the total solid angle centered at the particle. Atmospheric scattering falls mainly into

two categories, Rayleigh and Mie scattering. Rayleigh scattering occurs when the particles

are much smaller than the wavelength of the electromagnetic wave, like air molecules in the

atmosphere. In this case, equal amount of radiant energy is scattered into the forward and

backward hemispheres and the total energy scattered varies inversely as the fourth power of

wavelength.

When the particle sizes are greater than about one-tenth of the wavelength of the

incident radiation, electrical multipoles are induced within the scatterer. These multipoles

produce higher order partial waves. Since the size of the particle is comparable to the

incident wavelength the phase of the primary wave will not be uniform over the particle

resulting in phase differences between the various partial waves. The constructive and

destructive interferences caused by these partial waves give rise to a complicated scattering

pattern. Scattering by aerosols in the atmosphere falls in this category. If the particles are

spherical, the scattering pattern is described through Mie theory, which depends on the

relative size (or radius, r) of the particle with respect to the wavelength (K) of the incident

radiation and can be expressed by the size parameter (X) as

x=2m/it (1.14)
As the value of X becomes larger than around 0.5, the scattering deviates from the

Rayleigh characteristics and more energy is scattered in the forward direction. Intermediate

maximas and minimas (side lobes) appear in the scattering pattern. The intensity of

scattered radiation is a function of X, complex refractive index (u) of the scattering

particles and the scattering angle (y) [angle between incident and scattered directions]. Mie

theory expresses the intensity of scattered radiation polarised in the perpendicular and

parallel directions with respect to the scattering plane in terms of two functions i L and in

defined as [Hansen and Travis, I974; McCartney, 1976]

17



Chapter 1

, °° 2 +1
11(X,l1,Y) =lZ_IR_2__fi;[an"n(cosY)+bnr,,(cosy)1|’n=l

(1.15)” 2n+l 2
i..(X,u,r) = lgmtfi [bun (cost) +a..n(¢<>SY) ll

where an and bn are the Mie coefficients which are functions of X and 11 expressed in terms

of spherical Bessel functions, jn and hn as

_ J}.(X)[11X1}. (1o<)l ~ ~21. (~><)lXi._(X)l.

a" ' h.<><>1»<1. (“X11-te.t»><11xh<x>1'

(1.16)

b Z 1.(X)[»Xj.(1o<)]' -1.. (uX)[Xjn (X)l'
" h..<><)1~><i.<11><>1"-i.<1»<>[><h.1><>F

rtn and In are functions of y given by1 d
run (cos Y) = + P; (cos 7) and ‘En (cos 1/)= — PI: (cos 7) (1.17)sin 1/ dy
where Pin are associated Legendre polynomials of the first kind.

For unit iiradiance of an unpolarised beam of radiation the scattered intensity

[McCartney, 1976] in the direction }/ is

I(v) = :;.(";1‘“] (118)
Although the theory is strictly applicable only to isotropic spheres, it is customary to

employ it to particles which are irregular in shape but in random orientation. Rayleigh

scattering is a special case of Mie scattering in the limit of very small size parameter. In this

case the expression for scattered radiation reduces to

4 6 2 _ ’
[my 2 8”/14" J  (I +008" 7) (1.19)
where r is the particle radius and 1.1 its refractive index.
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Figures l.4(a), (b) and (c) show respectively the scattering patterns for particles of

sizes one-tenth the wavelength, one-fourth the wavelength and larger than the wavelength

of light.
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F ig.1.4. Angular patterns of scattered intensity flom (a) Small particles (r< /l/10) (b) large
(r ~ /l/4) (c) larger particles (r > /1) [Brumberger et al., 1968; McCartney, 1976]

Besides scattering a small portion of the incident radiation can be absorbed by the

particle to change its internal energy, which may be re-emitted at other wavelengths and/or

utilized to increase its thermal energy. But unlike scattering, absorption is spectrally

selective and discontinuous. The real part of the complex refractive index (p.) determines

the scattering properties and the imaginary part, the absorption properties. Both scattering

and absorption processes result in the removal of energy from the incident beam of

radiation and are jointly called extinction process [McCartney, 1976; Bohren and Huflman,

1983]

Interaction of a particle with radiation in general can be described in terms of the

parameters such as; scattering/absorption/extinction coefficients, optical depth, single

scattering albedo, scattering phase function and asymmetry parameter, all of which vary

independently with wavelength.

1.7.1.1. Scattering/absorption/extinction coefficients

Angular scattering cross section [0, (9,¢)] is defined as the cross section of the

incident wave, acted upon by the particle, having an area such that the power flowing

across it is equal to the power scattered per steradian into the direction (6,¢). The total

scattering cross section is defined as the angular scattering cross section integrated over all

the 41: directions. In a poly disperse system, if n(r) is the number of scatterers per unit
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volume per radius range between r1 and r2, the scattering coefficient (per unit volume) is

defined as,

1'2 41'!

as = Llos (l',9,¢)I1(I‘)(l§2(lI' (1.20)
1', 0

where dQ is the elemental solid angle. Since the scattering and absorption processes are

additive, the total attenuation can be expressed through the extinction coefficient as

l3=B, +3.. ' (1-21)
where Ba is the absorption coefficient. The extinction coefficient (whose unit is reciprocal of

length), can be considered as the fraction of the radiant flux lost from the incident beam

when it passes unit distance in the atmosphere, due to scattering and absorption by aerosols.

The scattering or absorption cross-section can be smaller or larger than the

geometric cross-section of the particle. The concept of the efficiency factor (Q) is used to

express the effective cross-sectional area of the particle with respect to its geometric cross

section [McCartney, 1976]. It is defined as the ratio of the actual scattering or absorption

cross-section (0, and 0,, respectively) to the geometric cross section (TCI2) of the particle.

The scattering (Q5), absorption (Qa) and extinction (Q6) efficiencies are defined respectively

3S

0' 0Q5 =-—i2 , Q3 = #2 and Qe = Q5 + Q3 (1.22)nr "rtr
In a poly disperse system of aerosols, the total extinction coefficient can thus be

expressed in temis of Q as

B: TTII2 Qe(r) n(r) dr (1.23)
1.7.1.2 Aerosol optical depth

The radiance lost from a beam of radiation while passing through a distance ds can

be expressed as,dL=—BLds (1.24)
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where L is the radiance of the beam.

Integrating over a distance s, the radiance left in the original beam can be obtained as

LS =L0 exp (— ].|3(s’)ds’] (1.25)
where L0 is the radiance at s = 0. This means that radiation gets attenuated exponentially as

it traverses the medium. This fundamental law of extinction is called Lambert - Beer’s

Law.

In the atmosphere, the extinction suffered by the incident radiation as it passes

through the entire vertical column of aerosols can be expressed as

Ls =L0 exp {— ojfidzl (1.26)
U) .

where e = [B dz is called the aerosol optical depth (AOD).
0

1.7.1.2.1 Angstrom exponent

The AOD, in general, displays a wavelength dependence which can be

approximated by a power law as

ek= <1>2t*°‘ (1.27)
where 12;, is the AOD at wavelength X (expressed in pm), (D is the ‘turbidity coefficient’

which is a measure of the total aerosol loading and can be expressed as AOD at 1 pm

wavelength and or is the wavelength exponent known as the ‘Angstrom exponent’

[AngsIr0m, 1964].

The Angstrom exponent indicates the columnar size distribution of aerosols. A steep

increase in AOD towards shorter wavelengths is a sign of increased abundance of fine (sub

micron) aerosols [/Ingstrom, 1929]. Generally, values of or 5 1 indicate aerosol distributions

dominated by coarse mode particles (radii 2 0.5 um), typically associated with dust and

sea-salt, while ot 2 2, indicates size distribution dominated by fine mode particles (radii 3

0.5 um) usually associated with urban pollution and biomass buming [Westphal and T oon,

1991; Eek etal., 1999].
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1.7.1.3 Single scattering albedo

The relative importance of scattering and absorption of the radiation by the particles

can be expressed in terms of single scattering albedo (to), which is the fraction of the

radiation that is scattered with respect to the total amount that is scattered and absorbed,

O@=--§-- (1.28)
U +0‘S 3

The value of co ranges from O for purely absorbing particles to 1 for purely

scattering ones. Generally at visible wavelengths, the single scattering albedo decreases

with wavelength for non-dust aerosols and increases for dust aerosols [Dubovik et al.,

2002a]. Typical values for soot particles are around 0.2 and for dust, around 0.8.

1.7.1.4 Scattering phase function

The angular dependence of scattering with respect to the incident direction of

radiation is described using the scattering phase function, P(9,¢), where 9 is the scattering

angle and ¢ is the angle made by the azimuth of the scattered radiation. lt is defined as the

ratio of the energy scattered per unit solid angle in a given direction (9,4)) with respect to

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

requires that the integral of the phase function be normalized to unity such that,

1 4114-K 6[P(9,¢)dQ =1 (1.29)
where

B (6.1)P(9,¢) = ,, S (1.30)
l

For a spherical particle, the phase function is independent of ¢.

1.7.1.5 Asymmetry parameter

The asymmetry parameter (g) is an index used for expressing the asymmetry in

scattering in the forward/backward hemispheres, for a spherical particle. lt is defined as the

cosine weighted mean of the angular scattering phase function,
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4lP(e)¢<>s(e)<1og= ° 4“   (1.31)
jP(e)dQ

The value of this parameter ranges from -l for entirely back-scattering case to +1

for entirely forward-scattering case. For isotropic scattering, its value is 0. The absolute

value of g decreases with increase in wavelength because of the decrease in the scattering

efficiency of the particle [Hansen and Travis, 1974].

1.8 Radiative effects of aerosols
Aerosols as a result of their interaction with the radiation, affect the radiative

balance of the earth-atmosphere system through their direct and indirect effects. The direct

effect refers to the scattering or absorption of the radiation by the aerosol particles.

Scattering of solar radiation enhances the albedo of the earth and cools the climate system

while absorption of the solar short wave and terrestrial long wave radiations causes heating

of the atmosphere. This can weaken convection activities and introduce changes in the

atmospheric circulation [McCormick and Ludwig, 1967; Charlson and Pilat, 1969; Coakley

etal., 1983; King etal., 1999].

The role of aerosols in altering the earth’s energy budget through modification of

cloud microphysics by acting as cloud condensation nuclei (CCN) is tenned the indirect

effect of aerosols. This can be split into two components. The first one is the increase in

the CCN-for a fixed amount of water vapour, leading to a decrease in cloud droplet size but

an increase in number of cloud droplets, which in tum causes an increase in the cloud

albedo [Twomey, 1974; 1977]. This is also called the cloud albedo effect or Twomey

effect which results in cooling due to reduction in the incoming solar radiation. Studies

over polluted regions have reported reduction in cloud droplet size by 20-30%
accompanied by an increase in cloud reflectance of sunlight by up to 25% [Coakley et al.,

1987; Kaufman and Fraser, 1997; Nakajima et al., 2001]. The second one refers to the

reduction in cloud droplet size leading to lowering of the precipitation efficiency [F eingold

et al., 1997] thereby extending the cloud lifetime [Albrecht, 1989] and increasing the cloud

thickness [Pincus and Baker, 1994]. This is also called cloud life time effect. Many

investigators could demonstrate this indirect effect based on observations on the influence

of aerosols from forest fires and urban pollution in suppressing the rain and snow fall

[R0senfeld, 1999; 2000; Mircea er al., 2005].
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Furthermore, the direct absorption of radiation by absorbing particles in the

atmosphere can modify the atmospheric temperature structure by evaporating the low level

clouds. This effect is called semi-direct effect [Hansen er al., 1997]. Recent model studies

have indicated the evaporation of low clouds (eg. Stratocumuls and trade cumulus) by solar

heating in the presence of soot emitted from biomass buming and fossil fuel combustion

[Kiehl er al., 1999; Ackerman et al., 2000] .

1.8.1 Radiative forcing of aerosols
Aerosol radiative forcing can be stated in simple tenns, as the difference in the

radiative flux between an initial state and a perturbed aerosol loading state, at a specified

layer in the atmosphere. This can be evaluated at the surface, within the atmosphere, or at

the top-of the atmosphere (TOA) [Chin et al., 2009]. As aerosols in the atmosphere reduce

the flux reaching the earth’s surface, this forcing will always be negative in sign at the

surface. Difference between the TOA forcing and the surface forcing is the atmospheric

forcing. A negative value for radiative forcing at TOA, implies a net loss of energy to the

earth-atmosphere system leading to a cooling effect, whereas a positive value would mean

addition of energy resulting in a warming effect [Haywood and Boucher, 2000; Yu et a1.,

2006; Chin et al., 2009]. The question whether aerosols warm or cool the planet depends on

the particle chemical composition and relative contribution of various chemical species

constituting the aerosol system. For example, aerosols such as sulphates, nitrates, sea-salt

particles and certain organic compounds are known to produce a negative radiative forcing

at the TOA, while the absorbing species like black carbon particles are considered to be

positive radiative forcing agents [Charlson et al., 1990; 1992; Haywood and Shine, 1997;

Jacobson, 2001]. Determining the strength and sign of the forcing is not very simple, as it is

also governed by the altitude of the clouds relative to the aerosols [Haywood and Shine,

1997; Heitzenberg er al., 1997; Satheesh et al., 2008] and also by the reflectance of the

underlying surface [Haywood and Ramaswamy, 1998; Haywood and Boucher, 2000]. The

mixing states of the aerosols (internal as well as extemal mixing) also strongly influence the

radiative effects of the aerosols [Jacobson, 2001; Chandra er al., 2004].

On a global scale basis, the sum of the direct and indirect radiative forcing is found

to be negative implying a cooling effect, which can offset the positive forcing, produced by

the greenhouse gases [IPCC, 2001; Yu et al., 2006]. But because of the large spatial and

temporal non-uniformity in aerosols, their effects are felt on a regional scale depending on

the regional dominance of aerosol species. Hence impacts of aerosols on climate have to be

assessed beyond the limited scope of globally averaged radiative forcing.
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The results from the fourth assessment of IPCC [IPCC, 2007] indicate substantial

advancement from the previous assessments on the aerosol radiative forcing. However, due

to the incomplete knowledge on the seasonal and regional variations in the aerosol

concentrations, their physical and chemical properties as well as their indirect effects, large

uncertainties still exist in accurately determining their climate sensitivity [1PCC, 2007]. A

comprehensive assessment of aerosol properties over the globe to minimize these

uncertainty limits.

1.8.2 Some examples of the effects of aerosols
Natural aerosols can introduce variability in the climate system and also be part of

its feedbacks mechanisms, e. g. larger amount of dust generated during drought conditions

in the Sahel [Prospero and Lamb, 2003] can cool the earth’s surface and bring about

changes in the drought conditions. Anthropogenic aerosols, on the other hand, can be

considered as an external cause to climate change [Charlson er al., 1992]. Several climate

model studies have indicated that the inclusion of aerosol forcing can possibly explain the

decrease in Indian monsoon rainfall [Chung er al., 2002; Vinoj er al., 2004a; Ramanathan

er al, 2005; Meehl et al., 2007; Lau et al., 2008] and the north-south shift in east Asian

rainfall [Menon er al-, 2002]. Transported BC over the Arctic is found to reduce the albedos

in fresh snow by l—3% and further by a factor of 3 as the snow ages and the BC becomes

more concentrated [Clarke and Noone, 1985]. Krishnamtirthi et al. [2009] has reported the

influence of pollution over the southem Arabian Sea on the reduction of winter monsoon

rains over the south east coast of India. Studies by Lau er al. [2006] show that increased

dust loading coupled with BC from local sources in northem India during late spring may

advance the rainy periods and further intensify summer monsoon leading to the suppression

of rainfall over East Asia and the adjacent oceanic regions.

Increased pollution over many urban locations has resulted in intense haze, fog and

smog events during the winter period, causing very poor visibility [Ali er a1., 2004].

Certain aerosol species when inhaled create severe health problems related to respiratory

system, and cause allergies and infections. Inhalation of soot is a major public health issue.

For example, in India, it is estimated inhalation of indoor smoke is responsible for over

400,000 deaths annually (mostly among women and children; Smith, [2000]). Chameides et

al. [I999] demonstrated that over China, reduction of solar radiation by aerosols can lower

the crop yields.
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1.9 Monitoring of atmospheric aerosols
Detailed global measurements over the land and the ocean from satellites, further

supported by measurements from ground-based networks of instruments, and
comprehensive regional field experiments in clean and polluted environments fed into

global aerosoland climate models is essential for a good understanding on aerosols and
their climatic effects.

1.9.1 Ground-based measurements

Historically, scientific studies on atmospheric aerosols started with ground-based

measurements on aerosol properties such as size distribution, optical characteristics,

chemical composition, vertical profiles, etc. either performed continuously for a long period

at a selected site, or specifically as part of intensive field campaigns for short periods over a

particular region. The conventional methods of aerosol measurements include two distinct

techniques: in situ and remote sensing. The in situ measurement involves direct collection

of aerosols from the ambient air on a substrate or in a chamber and carrying out
measurements on their properties. This technique more-or-less provides best information

on the aerosol properties as they do not involve any major assumptions in deriving the

required information. High volume samplers, multi-stage impactors, particle counters,

aethlometers, nephelometers, etc are a few among these instruments used for direct

measurement of aerosol properties such as size distribution, size-segregated mass

concentration, BC mass concentration, scattering coefficients etc. These measurements are

also carried out from air-bome platforms like balloons or aircrafts to measure the aerosol

properties at different altitudes.

In remote sensing the particle properties are inferred by observing their interaction

with radiation. In this case measurements are made without making a direct contact with the

particles. Remote sensing techniques mainly measure radiometric parameters, the inversion

of which using a radiative transfer theory provides infomiation on aerosol properties. This

includes both active and passive methods. While the fomier use naturally available

radiation (solar, lunar, stellar or terrestrial), the latter use an artificial source to illuminate

the desired target under study. The simplest example of a passive remote sensor is a

radiometer which measures solar radiation reaching the ground for determining the AOD at

different wavelengths. Lidar (Light detection and ranging) is an active sensor, which probes

the atmosphere with laser pulses to derive the vertical profile of aerosol distribution.
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Remote sensing of aerosols is carried out almost throughout the globe at different

locations from a variety of platforms over the land, the ocean as well as in the air. Though

these measurements can provide a wealth of information on the aerosol physical and

chemical properties, their spatial and temporal coverage is rather limited, especially over

the oceans and remote land areas, which could introduce biases in the aerosol radiative

forcing estimation. Aerosols being highly dynamic both spatially and temporally,

integration of all these measurements is still far from providing synoptic information on

aerosols, that too at short time scales. On the other hand, remote sensing measurements

from satellites can quite well characterize the spatial and temporal heterogeneities of

aerosol distribution on a global scale [King er al., 1999].

1.9.2 Space-borne remote sensors
Remote sensing of aerosols from space was initiated more than two decades back

[King et al., l999]. In those days retrievals were limited to the oceanic areas which are dark

in the visible and IR parts of the spectrum [Stowe er al., 1997; Mishchenko er al., 1999]. In

recent years, with the advent of improved retrieval procedures and new measurement

technologies, satellite remote sensing of aerosols has been extended over to the land also.

Sensors with improved capabilities are being planned for implementation in the coming

decades [Lee et al., 2006; Mishchenko er al., 2007; Chin, et al., 2009], promising the

scientific community with more accurate retrieval of aerosol properties and their spatio

temporal variations.

In mid 1972, it was found that a 1% change in radiance in the 0.75 um channel of

Landsat-MSS (Multi Spectral Scanner) satellite sensor resulted from a 1.5% change in

aerosol content [Grz'ggs, l975]. Later, Griggs [1979] investigated the technique of aerosol

detection over the low reflectance surface like the ocean for implementation in other

satellites like GOES (Geostationary Operational Environmental Satellites) and AVHRR

(Advanced Very High Resolution Radiometer). Aerosol amount in the atmosphere was

assessed from the relationship between aerosol content and the upwelling visible radiance.

The AOD data as an operational product became first available from NOAA (National

Oceanic and Atmospheric Administration) AVHRR (Advanced Very High Resolution

Radiometer) satellites launched in l978. Later, a series of satellites for aerosol

measurements with advanced technologies supported with efficient retrieval procedures

were launched to measure the aerosol properties with better accuracies.
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1.9.2.1 AVHRR (Advanced Very High Resolution Radiometer)

NOAA (National Oceanic Atmospheric Administration) - POES (Polar Orbiting

Environmental Satellite) series carrying the cross-track scanning AVHRR sensors

commenced operation with the launch of TIROS-N in 1978. Towards the end of the life

time of each AVHRR sensor, the next sensor is put into orbit to provide uninterrupted data

since the launch of the first sensor. There are about 15 satellites launched so far in this

series, of which presently about eight of them are in operation
[http.'//www.0s0.n0aa.g0v@)0esstatus]. AVHRR measures AOD over the ocean at regular

intervals [Husar et al., 1997; Ignatov and Stowe, 2002]. Having a swath of about 2400 km,

it covers the whole globe in a single day with a spatial resolution of ~l km x 1 km. The

AVHRR channels are spectrally wide, and vary from one satellite to the other. But on an

average, they are confined in the range 0.58 — 12.5 um, of which the wavelength at ~ 0.63

pm is used to derive AOD [Husar er al., I997]. Mishchenko et al. [1999] and Geogdzhayev

er al. [2002] proposed a two-channel (0.65 and 0.85 pm) procedure to derive the Angstrom

exponent in addition to AOD over the oceans and was extended later for application over

other dark backgrounds such as forests and lakes [Soufllet et al., 1997]. By generating of a

multi-decadal climatology on AOD, the AVHRR sensor has significantly contributed to the

understanding of global distribution of aerosols [Husar et al., 1997; Mishchenko et al.,

1999; 2003; Nair er al., 2005].

1.9.2.2 TOMS (Total Ozone Mapping Spectrometer) & OMI (Ozone
Monitoring Instrument)

The TOMS sensor launched in October 1978, on the Nimbus-7 polar sun

synchronous satellite, measures the UV- absorbing aerosols both over the land and the

ocean [Heath er al., 1975; Herman er al., 1997], even though its main objective was to

retrieve the ozone parameters. Measurement of aerosols is based on the high sensitivity of

UV channels to aerosol absorption with a low sensitivity to surface reflectance, even over

the land. Detailed procedure of aerosol detection by TOMS is discussed by Torres et al.

[1998]. It provides Aerosol Index (colour of the scene in the UV with respect to that for a

purely Rayleigh scattering atmosphere), optical depth of absorbing aerosols and aerosol

single scattering albedo. But the large footprint (about 50 km) of this sensor hampered a

good quantitative analysis of aerosol [Torres er al., 1998]. Towards the end of its life time

(about 14.5 years), a second non sun synchronous TOMS was launched on board the

Russian Meteor 3 satellite which provided data from 1991 to 1994 [Herman and Larko,
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1994]. Later, a modified version of this instrument was launched in 1996, onboard NASA’s

Earth Probe in a sun-synchronous low altitude orbit for better detection of aerosols. In the

same year, additional sensors similar to Nimbus-7/TOMS were launched in the Japanese

satellite ADEOS (Advanced Earth Observing Satellite). Although the retrieval is done using

two different pairs of wavelengths depending on the instrument (i.e., 0.34 and 0.38 um for

Nimbus-7 and Meteor 3 and 0.33 and 0.36 um for the others), the results are reported at

0.38 pm to keep the continuity of the longer Nimbus-7/TOMS record [Torres er al., 2002].

The TOMS mission was extremely SLlCC€SSfiJl in monitoring biomass buming smoke and

dust [Herman er aI., 1997; Massie er al., 2004] along with the aerosol single scattering

albedo [Torres et al., 2005] from space.

OMI on board NASA’s EOS satellite Aura launched in July 2004 follows the

TOMS measurements on aerosol parameters. The retrieval algorithm uses spectral

information from both the visible and the UV part of the spectrum, improving the

distinction between weakly absorbing aerosols, biomass burning aerosols and desert dust

aerosols. With a swath of 2600 km, it provides daily global information on aerosols with a

fairly good spatial resolution of l3 x 24 km at nadir [Veihelmann er al., 2007].

1.9.2.3 CZCS (Coastal Zone Color Scanner)

The Nimbus-7 satellite also carried the first ocean colour sensor, CZCS which

initiated a new era of ocean colour monitoring [Hovis er al., 1980]. The scan width of the

sensor was 1556 km, observing with a spatial resolution of 825 m at nadir. CZCS operated

at six wavelength channels, in the range 0.44 — 12.5 pm primarily meant for detecting

chlorophyll, suspended sediments and other ocean related parameters. The spectral channel

at 0.67 pm employed for the atmospheric correction was used to estimate AOD over the

ocean. To avoid sun-glint, the scanner mirror was provided with a tilting arrangement by

about i 20° from nadir on ground command. Due to the power demands of the various on

board experiments the CZCS sensor was operated intermittently and collected data only for

two hours per day on an average during its observation period till 1986.

1.9.2.4 SAM (Stratospheric Aerosol Measurement) 8: SAGE
(Stratospheric Aerosol and Gas Experiment)

SAM, the first satellite bome sensor focussed for the study of stratospheric aerosols

from space, was launched in 1975 during Apollo-Soyuz Test Project. The altitude profile of

aerosol extinction was obtained by solar occultation technique. Motivated by the success, it
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was followed by SAM-II and SAGE programmes. SAM-II was launched on October 1978,

on board Nimbus 7 satellite which made measurements till 1991. It measured the aerosol

extinction in 1 um wavelength at all the occultation points which were confined to the polar

regions [McCormick et al., 1979]. Later, the limb viewing, SAGE —I satellite was launched

onboard the Application Explorer 1nission- B (AEM=B) in Februar.y 1979, which continued

its successful operation till 1981. Operating in four spectral channels between 0.38 and 1.0

pm, this instrument produced for the first time, the atmospheric extinction profiles on a

global basis for aerosols and trace gases such as ozone and nitrogen dioxide [McCormick et

al., 1979]. The SAGE 11 began operation with the launch of Earth Radiation Budget

Satellite (ERBS) in October, 1984. It had additional three channels ranging from 0.385 to

1.02 pm [Yue et al., 1986; Kent et al., 1998] intended for a better parameterization of

aerosols. The vertical resolution of this sensor was 1 km and horizontal resolution, 200 km.

However, the altitude profiles were restricted to above 6 km because of the interference

from clouds in the limb viewing direction. The SAGE I1 data helped scientists to

understand the causes and effects of Antarctic ozone hole, and has made valuable scientific

contributions in studying the stratospheric aerosols during the Mt. Pinatubo eruption

[Antuna et al., 2002]. SAGE II was followed by SAGE 111, launched on board Meteor-3 in

December, 2001 [Kent et al., 1997]. It was designed to make aerosol measurements in eight
"" eh.

wavelengths inithe speectral band, 0.38 - 1.55 pm. The longest wavelengths are particularly

useful for upper tropospheric aerosol studies and also down to the surface, in the absence of

clouds [Kent et al., 1997].

1.9.2.5 ATSR (Along Track Scanning Radiometer)

In April 1991, the European Space Agency (ESA) launched a new type of multi

angle conically scanning sensor, called the ATSR on board their first European Remote

Sensing Satellite (ERS-1) to test the ‘along track scanning’ concept. This sensor operated

only in IR channels. An enhanced version of ATSR, ATSR-2 was successfully launched on

board ERS-2 spacecraft on April 1995, with additional channels in the visible wavelengths.

lt could make AOD measurements by remotely sensing the visible and near-infrared

wavelengths at nadir and oblique forward scan angles (both within a two-minute interval)

[Mac/ray et aI., 1998]. The 512 km swath at a spatial resolution 1 km xl km, allows a global

coverage in 6 days {King et al., 1999]. A modified version of the sensor, called the
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Advanced Along Track Scanning Radiometer (AATSR), launched in 1995 aboard ERS-2,

was fully operational till 2003.

1.9.2.6 MOS (Modular Optoelectronic Scanner)

German sensor MOS was launched onboard polar sun-synchronous (Indian Remote

Sensing) IRS - P3 satellite on March 1996 with a long gap of around 10 years after the

lifetime of CZCS. It was the second mission dedicated to cater the needs of ocean colour

community. The MOS sensor had three spectrometers of which the MOS-A sensor was

meant for the detection of aerosol layers. It was basically designed to measure radiance in

02A absorption bands around 0.76 um (in 4 narrow channels) and made use of the

differential penetration of radiation in the atmosphere to separate aerosols in different

layers. It could be used for stratospheric aerosol loading after volcanic eruptions. The

atmospheric correction bands in ocean colour sensing sensor MOS-B had the capability of

detecting the columnar AOD over the ocean. With a narrow swath of 200 km, both MOS A

and B, performed global coverage only at a time period of 24 days, but with good ground

resolution of 500m.

1.9.2.7 POLDER (Polarization and Directionality of the Earth Reflectances)

Measurements of radiance at one or more viewing angles in addition to the state of

polarisation can give more handle to explore the complex properties of atmospheric

aerosols [Mishchenko and Travis, 1997]. POLDER was conceived with this idea in mind.

Launched onboard ADEOS in 1996, POLDER was a polarimetric instrument which, during

its orbital motion, viewed the same target on the earth surface from different directions in

three spectral channels in the range 0.44 — 0.86 pm. This instrument had a swath width of

220 km and a spatial resolution of 7 km x 6 km. Due to the solar panel failure, the ADEOS

mission ended prematurely after eight months of its launch. But the mission was followed

by POLDER 2 onboard ADEOS-ll in 2002. The new sensor also worked for only five

months. Main advantage of this sensor is that it could distinguish aerosols and molecules in

the atmosphere from the earth’s surface in terms of the polarization of TOA radiances at the

short wavelengths [Leroy er a1., 1997]. Through the bidirectional capability of POLDER,

the microphysical properties of aerosols like effective radius and refractive index could be

derived in addition to the AOD [King et al., 1999; Goloub er al., 2001]. A similar POLDER

sensor launched in December 2004 on board the PARASOL (Polarisation and Anisotropy
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of Reflectances for Atmospheric Sciences coupled with Observations from a Lidar) satellite

operating at channels 0.44 — 1.02 um is currently operational in its orbit.

1.9.2.8 OCTS (Ocean Colour and Temperature Scanner)

Launched in 1996, along with POLDER in ADEOS, OCTS was an ocean colour

sensor, which could be successfully used for aerosol retrieval over the ocean [Zi0n, l983].

The retrieval algorithm used the radiance measured in two channels at 0.66 and 0.86 |.1m to

derive AOD and Angstrom exponent [Mukai et al., 1998]. It had a primary resolution of

700 m and a swath of 1400 km, covering the entire globe in 3 days. Due to the failure of

ADEOS spacecraft, this mission ceased after 8 months of successful operation.

1.9.2.9 SeaWiFS (Sea viewing Wide Field of view Sensor)

SeaWiFS is another cross-track scanning ocean color sensor developed by NASA

launched onboard OrbView-2 in August 1997. SeaWiFS employs two near-infrared (0.765

and 0.865 um) bands, to estimate the aerosol optical properties and extrapolate to visible

channels [Gordon and Wang, 1994] for applying the atmospheric correction in the

chlorophyll retrieval algorithm. With a swath width of 2801 km, it provides daily global

coverage with a spatial resolution of l.l km at nadir. This sensor (like the OCTS), has the

tilt capability for avoiding sun-glint. SeaWiF S regularly generates AOD at 0.865 um and

Angstrom exponent products over the global oceans.

1.9.2.10 OCM (Ocean Colour Monitor)

The first Indian satellite dedicated for oceanographic applications, IRS-P4

(Oceansat-1) launched in May, 1999 carried the OCM which is capable of estimating of

AOD over the oceans. This sensor operates in eight narrow spectral chamiels from 0.41 to

0.86 urn and uses the atmospheric correction channels at 0.765 and 0.865 pm to derive

AOD and Angstrom exponent [Das et al., 2002]. With a swath width of 1420 km, it covers

the entire globe once in every 2 days with a spatial resolution of 360 m. The follow up of

Oceansat (i.e. Oceansat -2) launched very recently in September, 2009 also carries an OCM

(OCM-2) to supplement OCM-I. The OCM-2 configuration is very similar to that of OCM

l except for some minor shift in the two spectral channels mainly intended to provide a

better parameterization of aerosols and suspended sediments.
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1.9.2.11 MISR (Multi-angle Imaging Spectroradiometer)

The NASA instrument, MISR was launched on board the EOS Terra satellite in a

polar sun-synchronous orbit in 1999. With nine CCD-based push broom cameras, it views

the earth’s surface in four spectral bands (0.44 — 0.86 um channels) at nine angles, spread in

the forward and aftward directions (i- 70.5°, i" 60.0°, i 45.6°, and i 26.1°) along th<.Lflight—

path within a few minutes [Diner er al., 1998], thereby under almost the same atmospheric

conditions. The wide range of along track view makes it feasible to retrieve aerosol over the

ocean as well as over the land including the bright desert surfaces and the glint regions over

the oceans which would otherwise be masked for mono-directional instruments [Diner et

aI., 1998; Martonchik et al., 1998]. It is one among the new instruments unique with a

combination of high spatial resolution (275 m - l.1 km) and high calibration accuracy

[Diner et al., 1998]. MISR retrieves AOD, Angstrom exponent and aerosol type at 17.6 km

spatial resolution. The data obtained from sampling at different scattering angles ranging

from about 60° to 160° E in mid-latitudes, can be effectively used to extract information

about particle size and shape [Kahn et al., 1998; Kalashnikova and Kahn, 2006; Chen et al.,

2008]. Evaluation studies have shown that the 2/3 of the MISR-retrieved AOD values fall

within i0.05 or 0.21 of the AERONET for both land and dark water retrievals [Abdou er al.,

2005]. Because of a narrow swath of around 360 km, it accomplishes a full global coverage

once in a week.

1.9.2.12 MODIS (Moderate Resolution Imaging Spectroradiometer)

Launched on board two different platfonns; first on Terra in 1999 and later on Aqua

in 2002, MODIS is a unique passive remote sensor with 36 channels that monitors aerosols

over both the land and the ocean. These two satellites having a spatial resolution of 250

500 m covers almost the entire globe within a day. Out of its 36 spectral chamiels, seven are

dedicated for aerosol retrieval. The major aerosol parameters retrieved are spectral AOD,

Angstrom exponent, fine mode fraction, effective radius etc. More details of this sensor and

its uniqueness are presented in Chapter 2.

1.9.2.13 SCIAMACHY (SCanning Imaging Absorption spectroMeter for
Atmospheric CHartographY)

SCIAMACHY is a spectrometer which flies on board ESA’s ENVISAT

(Environment Satellite) launched in March 2002. Operating in the wavelength range
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between 0.24 and 2.38 um [Bovensman et al., 1999], the primary scientific objective of

SCIAMACHY is the global measurement of various trace gases in the troposphere and the

stratosphere. With the spatial resolution of 30 km x 60 km in the UV to visible channels,

and 30 km x 240 km in the near-IR it takes around 6 days to cover the entire globe. This

can provide Absorbing Aerosol Index (AAI) from its UV channels [de Graaf and Stammes,

2005}

1.9.2.14 GLI (Global Imager)

This sensor was launched along with POLDER 2 onboard ADEOS-2. It is an optical

imager working in 36 spectral channels ranging from visible to IR wavelengths. The visible

channels dedicated to ocean colour observations could also be used to detect aerosols.

Having a wide swath of 1600 km, it produced global aerosol infomiation with spatial

resolutions 250 m and 1 km in different channels. Because of the early power failure of

ADEOS-ll, GL1 could not succeed in achieving its mission objectives.

1.9.2.15 MERIS (Medium Resolution Imaging Spectrometer)
ESA’s ENVISAT launched in 2002 canies on board the sensor, MERIS. The

primary objective of this mission is oceanographic observations, but it also provides aerosol

information over the ocean. The specialty about MERIS is that its 15 channels spread over

the spectral range 0.40 — 1.05 pm are programmable in the central wavelengths and band

widths (ranging from 0.00125 to 0.03 um) by ground command [Kaufman et al., 1997a].

This sensor has a swath width of 1150 km with a spatial resolution of 300 m allowing

global coverage once in every 3 days [Rast er al., 1999].

1.9.2.16 GLAS (Geoscience Laser Altimeter System)

Global profiling of aerosols with space bome Lidars started with the launch of

GLAS on board the polar orbiting satellite, ICESat (Ice, Cloud and land Elevation Satellite)

in 2003. GLAS consists of a non-scanning Nd:YAG lidar nominally operating in a nadir

viewing mode at 0.532 and 1.064 um wavelengths [Spinhirne er al., 2005]. It yields vertical

profiles at 76.2 m resolution at every 172 m spacing along the orbit track. This pioneering

effort for lidar in space could demonstrate the capability of detecting and discriminating

multiple cloud layers, atmospheric boundary layer aerosols as well as elevated aerosol

layers [Hart er al., 2005; Spinhirne er al., 2005]. Due to the problems related to the lasers
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onboard, its operation is restricted to one month in an interval of 3 to 6 months, which is a

limitation for uninterrupted data over long periods.

1.9.2.17 CALIPSO (Cloud-Aerosol Lidar and Infra-red Pathfinder Satellite
Observations)

The lidar CALIOP (Cloud Aerosol Lidar with Orthogonal Polarization) is currently

operational onboard the sun-synchronous satellite CALIPSO launched in April, 2006. This

sensor uses Nd:YAG diode pumped laser in the visible (0.532 um) and near IR (1.064 pm)

wavelengths. CALIOP measures ‘attenuated aerosol backscatter profiles’ in the two

wavelengths along with polarization in the visible wavelength [Winker et a1., 2003; 2007].

With the capability of depolarization measurements, CALIPSO can discriminate dust from

other types of aerosols [Liu er al., 2008]. The horizontal resolution of the sensor is about

333 rn and vertical resolution is 30 - 60 m.

Global measurements from satellites have begun to improve the performance of

aerosol models and hence the assessment of their radiative effects. However, a substantial

reduction of uncertainties in the quantification of aerosol forcing is possible only through

an integrated approach which must include measurements from ground networks, aircrafts,

balloons and ships in addition to space-based observations [Kaufman er al., 2002; IPCC,

2007; chm et al., 2009].

1.10 Radiative transfer in the atmosphere
When radiation passes through the atmosphere it gets attenuated as described by the

Lambert — Beer’s law (Sect.l.7.l.2), which is the simplest form of radiative transfer. This

expression is strictly valid when the optical depth is small and the effects of multiple

scattering and surface reflectances can be neglected. A complete description of the passage

of radiation in the atmosphere must include all the following processes [Kidder and Vonder

Haar, i995]:

(a) Attenuation due to absorption in the atmosphere

(b) Enhancement due to emission in the atmosphere

(c) Attenuation due to scattering from the beam into other directions

(d) Enhancement due to scattering from the other directions into the beam
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Consider an amount of radiance L ;_ (radiant energy per unit area per unit solid angle

‘per unit wavelength interval) passing through a medium of length ds in the atmosphere

[Fig.l.5]. The processes (c) and (d) described above are illustrated in this figure.

(ear)

‘Z’ _" \-> <11,
L,\(6,¢) "1’ ' c I d. L,+T:ds

i___’ ---v-O\‘ \.
—Z—>ds<i

Fig.1.5. Schematic diagram showing the diflerent processes taking place when a radiation
enters and emerges through a medium.

Incorporating all the above four processes the rate of increment of L; per unit

distance is given by the radiative transfer equation as [Kidder and Vonder Haar, 1995]

%S*-=-ts, L, + [3, B,(T)—Bs L, +£13—;[2(;Tf:]j[L,(6',¢')P(y)sin6'd6'd¢' (1.32)

where Br (T) is the Planck’s function dependent on the temperature T (in °K) of the

medium, (6’, ¢’) is the direction of other radiations which is scattered into the beam

direction (8, ¢) (shown in Fig.1.5). P (7 ) is the scattering phase function for the scattering

angle y [angle between (9 ,¢) and (9',¢')] defined by

cosy=cos6cos9' +sin6sin(-1' cos (ti) —~¢') (1.33)

1.10.1 Aerosol sensing from space
Consider a beam of radiation upwelling through a thin atmospheric layer ‘ds’

(between s| and s2) on its way to the satellite at a zenith angle, 6,, [Fig. 1.6]. In the case of

radiation in visible and near IR wavelengths (which interact more with aerosols) the Planck

emission tenn [B;_ (T)] can be neglected (since its contribution in the atmosphere will be

only in thermal IR) and the radiative transfer equation becomes,
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21:1:dL k . - . - . .
~—‘-=-BL,‘ + -8 j[r.A(e ,¢ )P(y)s1n[-) d9 a¢ (1.34)ds 41: 0 0

where B is the extinction coeffecient. I
'9'/ ///

Fig.1.6. Schematic diagram of transfer of radiation through the atmosphere to the
satellite

Recognizing ds = dz/cost-1‘, and B dz = dr (optical depth for an elemental column

dz) this equation can be transformed into

-5;| 3
r-'—?-"—

l_'
>"

<11. . . . .
MT:"=—L,L +_ (6,¢)P(y)dM d¢ (1.35)

where M = cos 9v and M’ = cos 9'

Solution of this equation by integration through a number of small layers dz (expressed as

dr ) with proper boundary conditions is the basis for the inversion of satellite detected

radiances for the retrieval of AOD.

For the wavelengths above ~ 0.7 um, the ocean provides a dark background for

AOD retrieval. Hence in the absence of sun-glint in the field of view of the sensor, the

detected radiance is purely the atmospheric path radiance contributed by scattering by air

molecules (Rayleigh scattering) and aerosols. In the wavelengths below ~ 0.7 pm the sensor

detected radiance will also contain the radiation emerging from under the water surface.

This is called water leaving radiance which is a portion of the solar radiation itself that has
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entered into water and undergone multiple scattering and absorption by the water

constituents. After properly accounting for the effects of Rayleigh scattering and water

leaving radiance, AOD can be accurately derived from the sensor measured radiances in

different wavelengths.

Over the land, the sensor detected radiance will be highly contaminated by the

inhomogeneous reflectance of the land surface. Different sensors adopt different techniques

like multi-spectral, multi-viewing or polarimetric capabilities to identify the contamination

from underlying surface so as to eliminate its effect to retrieve AOD over land.

1.11 Transport of tropospheric aerosols
In the vicinity of aerosol sources particle properties are closely related to the nature

of the sources. But, being light weight and air-bome, aerosols during their short residence

time can travel long distances far away from their sources carried by wind and affect distant

locations as well. Seasonal and regional meteorological conditions are the major factors

which govem the extent of their dispersion. For instance, a mean wind velocity of ~ 5ms"

can carry an airborne particle in the atmosphere as much as to around 3000 km in a week

[Chin er al., 2009].

Though the dust sources are geographically confined, their influence can be felt

over thousands of square kilometers around the source through long-range transport [Duce,

1995; Gao er al., 2001; Prospero er al., 2002]. Dust plumes generally cover large areas, and

are more persistent than those associated with anthropogenic pollution [Husar et al., 1997].

The areal extent of a desert and the intensity of winds decide the amount of dust mobilized

and heights to which it is lofted. Of the aerosols generated over the desert only those with

size less than 5 um are transported to large distances by prevailing winds [Arim0t0, 2001;

Prospero, 2003].

During the North African summer, when dust activity is maximum, large quantities

of Saharan dust is carried across the Mediterranean to Europe and Middle East [Moulin et

al., 1998; Kalvitis er al., 2007], across the Atlantic to the Caribbean [Prospero and Nees,

1986; Prospero and Lamb, 2003] and the southem United States [Prospero et al., 1981;

Perry er al., 1997] and also to the Arabian Sea through higher altitude winds between 3 —

l0 km [Gobbi et al., 2000]. Space-bome remote sensing is the most efficient tool for
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monitoring long-range transport of aerosols. Depicted in Fig l.7(a) is an event of dust that

originated in the Saharan desert on August 17, 2007 and transported over the Atlantic

reaching Mexico by August 28, 2007, captured by CALIPSO. Similarly, dust particles from

___g CALIPSO _ __ MO DIS

—*i“ ‘"1
I-u
Q--r

J‘

TOMS OCM

l uocauc
0.0 AOD (1.5

Fig.1. 7 Dust originating from the Saharan desert on August I 7, 2007 being transported to
reach the Gulf of Mexico by August 28, 2007 [taken fi'om Chin et al., 2009] (a) MODIS
image showing dust transport fi'om India, Pakistan and Afghanistan getting mixed up over
the Arabian Sea on April 9, 2006(b) Transport of heavy smoke to North America from large
wildfires in Mexico on May 15, 1998 observed by TOMS [taken from Kaufman et al., 2002]
(c) OCM image on December I3, 1999, showing an aerosol plume extending from the
Mumbai coast towards the Arabian Sea[takenfiom Das, 2004]

the Asian continent are also frequently transported over to neighbouring countries and

oceanic regions. Long-range transport of aerosols from West Asia and south-east Asia is

known to significantly modify the aerosol properties over the Arabian Sea [Jha and

Krishnamurti, 1999; Moorthy and Satheesh, 2000; Satheesh and Srinivasan, 2002]. A
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MODIS image of April 9, 2006 showing the transport of dust from India, Pakistan and

Afghanistan over to the Arabian Sea is presented in Fig.1."/(b). The high AOD over the

Ganga basin in India, during the pre-rnonsoon and monsoon period, is partly attributed to

the large influx of dust from the north westem Indian desert (Thar), Pakistan, Arabia etc

{Middletom I986; Dey»et~al., 2004; El-Askary et al., 2006].

Several studies have reported the long-range transport of anthropogenic aerosols.

Smoke particles from forest fires in Canada are found at ~2- 3 km altitude over Greece

[Formenti et al., 2001] and those from California are observed over the north eastem US at

altitudes below 7 km [Hojf er al., 2005]. Fig.l.7(c) shows the transport of heavy smoke

from wild fires in Mexico to North America on l5 May I998 as observed by TOMS

satellite. Frequently observed haze events over the Arctic region, where there are very

limited local sources, are found to be associated with the long-range transport of polluted

air from the southern latitudes [Quinn er aI., 2007; T omasi er aI., 2007]. Haze layers due to

the biomass buming over the Amazon basin are known to spread horizontally up to 1000

km and vertically from the surface to about 3 km in altitude [Heitzenberg er al., 2002].

Pollution of the pristine oceanic environments over the northem Indian Ocean,

Arabian Sea and Bay of Bengal by the aerosols advecting from the south and south east

Asian regions are reported by many investigators on different occasions [Moorthy and

Satheesh; 2000; Lelieveld er al., 2001, Moorthy er al., 2001; Ramanathan et al., 2001;

Quinn er al., 2002; Rajeev et al., 2004]. Figure 1.7(d) shows an OCM image on December

13, 1999 depicting an aerosol plume stretching several hundreds of kilometers into the

Arabian Sea from the coast of the highly industrialized city of Mumbai [Das and Mohan,

2003]. The above are a few examples highlighting the efficiency of the space-borne

sensors for the study of aerosol transport

1.12 Importance of vertical distribution of aerosols
Aerosols generated from the earth’s surface due to various natural and

anthropogenic processes are carried to higher altitudes through convection and turbulent

diffusion, while the processes such as sedimentation, subsidence and deposition bring them

to lower altitudes. The balance of these processes leads to a steady state vertical distribution

of aerosols which can be modeled by an exponentially decreasing function of the form
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n = no exp (-Vt z/Kt ) = no exp (-z/Ha ) (1.36)

where n and no are the number densities at the altitude 2 and at the surface respectively. V, is

the settling velocity, K, is the turbulent diffusion coefficient and the ratio, H, =V,/Kt is the

aerosol scale height whichican be different at different locations. This expression, however,

does not account for the layer fonnation in the atmosphere arising from stratified turbulence

[Parameswaran et al., 1997].

Several investigators have attempted to study the altitude structure of aerosols using

lidars at different parts of the globe [Devara et al., 1994; Jayaraman er al., 1995; Ansmann

et al., 1997; Parameswaran, 1998] and tried to model them with reasonable accuracy. In

practise, the vertical structure may differ substantially from the exponential model

[Eq.(l.36)] regionally and seasonally under the influence of a variety of atmospheric

processes [Yu er al., 2006]. For example, there are distinct differences between the vertical

layers of dust over the Atlantic and the Mediterranean, even though both originate from the

North African region [Hamonou et al., 1999; Gobbi er al., 2000; Di Sarra er al., 2001;

Koren et al., 2003]. This is mainly due to the differences in the nature of convection as well

as the features of the synoptic circulation [Barkan er al., 2005].

Along with the optical properties and chemical composition, vertical distribution of

aerosols is an important factor influencing their radiative effects. In the case of absorbing

aerosols such as soot, the altitude of the aerosol layer as well as the altitude and type of

clouds become important [Heitzenberg et al., 1997; Satheesh, 2002]. But even in the case of

those aerosols which are not absorbing or rather weakly absorbing the effect of layered

structure cannot be neglected, if they are located above 7-8 km [Ding and Gordon, 1995].

Hence, along with gaining a better understanding on the spatial variation and temporal

evolution of aerosol distribution, one needs to acquire infonnation on the aerosol vertical

profiles with a reasonably good accuracy.

1.13 Objectives of the present study
India is a unique region, strongly influenced by aerosols of different -types, locally

generated as well as brought by winds from near and far away places. Aerosols in this

region display significant variations in their type and spatial distribution, depending on the

season and geography of the location. Due to the high density of population and the

associated anthropogenic activities, the Ganga Basin is a heavily polluted region where the

occurrence of fog and haze are very frequent during the winter months. Long-range
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transport of aerosols from the surrounding landmasses over to the adjoining oceanic

regions, the Arabian Sea and the Bay of Bengal, give rise to significant aerosol loading over

these environments. Additionally, the spatial distribution of aerosols also exhibits

pronounced day-to-day variability. Synoptic scale daily aerosol information from MODIS

and reanalysis global circulation fields from NCEP supported with ground-based

measurements can efficiently be utilized to study the transport features and source activity

of aerosols over these regions.

The present study mainly addresses a relatively less explored, but a very important

facet of the aerosol science, that is, the dynamics of aerosol transport. The work presented

in this compilation are for different specific cases of aerosol transport over the Ganga

Basin, the Arabian Sea and the Bay of Bengal during different periods of the year. The

strength of aerosol sources, spatio-temporal distribution of aerosols and their transport

characteristics are examined employing the flux continuity equation, circulation variables

like wind speed, convergence, vorticity, up/downdrafts and atmospheric relative humidity.
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Dita and Metlhiodoloy

2.1. Introduction

A study on the time evolution of synoptic scale distribution of aerosols essentially

requires detailed information on aerosols over a large geographical region on a routine

basis. Space borne remote sensing is the most effective means for this purpose. The

Moderate Resolution Imaging Spectroradiometer (MODIS) onboard the Earth Observing

Satellite (EOS) Terra and Aqua is a unique sensor with capabilities to attain nearly a full

global coverage every day both over the land and the ocean. The specifications of MODIS

for the aerosol measurement are unmatched by any other orbiting sensor at present.

The next most important parameter required for studying the aerosol transport is the

atmospheric wind field. Reanalyzed wind field generated using the global circulation model

by the National Centres for Environmental Prediction (NCEP) is highly reliable and well

suited for this purpose. Wind over the ocean surface, measured by QuikSCAT (Quick

Scatterometer) is sufficiently accurate to estimate the in-situ production of sea-salt aerosols.

An appropriate combination of these data is effective in studying the role of dynamics that

govems the aerosol distribution. Incorporating these into the aerosol flux continuity

equation, proves to be an ideal technique to identify the major sources of aerosols and

assess their strengths. This chapter provides a brief outline of the data sets used for the
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present study and the methodologies adopted for addressing the aerosol transport dynamics

and for the estimation of the strength of aerosol sources.

2.2 Aerosol properties from MODIS
2.2.1 Sensor details

MODIS sensor is the first of its kind which can characterize the spatial variation of

aerosol properties over the land and ocean globally on a daily basis. The features of this

sensor onboard the polar sun-synchronous satellites Terra (descending node, 10:30 am,

equatorial crossing local time) launched in December, 1999 and Aqua (ascending node,

1:30 pm, equatorial crossing local time) launched in May, 2002, are far superior to those of

any other space-bome aerosol sensor till date. From an altitude of 705 km, at an inclination

of 98.2° and field of view 155°, the sensor’s swath is about 2330 km. This makes it possible

to cover almost the entire globe once in a day. Exact revisit over a particular region occurs

once in every 16 days. Onboard calibrators are used to perform regular radiometric, spatial

and spectral calibrations. Figure 2.1 shows the visible image (composite of red, green and

blue wavelengths) of MODIS from Terra satellite on a typical day, April 19, 2000. This

shows the capability of MODIS in acquiring almost full global coverage in a single day

except for a few gaps between 30°N and 30°S.* I
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Fig.2.]. True colour RGB image from MODIS sensor onboard Terra on April 19, 2000
showing its near daily global coverage capability.
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MODIS operates at 36 spectral channels ranging from 0.42 to 14.24 pm, out of

which seven (0.47, 0.55, 0.66, 0.86, 1.2, 1.6, 2.1 pm) are dedicated for aerosol retrieval.

The primary resolutions of these seven bands range between 250 - 500m. The spectral

stability of MODIS sensor is better than 0.002 pm. Further details of the spectral chamels

are summarized in the Table 2.1.

Table 2.1. Characteristics ofMOD1S channels used in aerosol retrieval. p is the spectral
reflectance and NEAp is the ‘Noise equivalent diflerential spectral reflectance ’ and SNR is
the ‘Signal-to-Noise Ratio ’ of the sensor.

{Channel band (pm) ‘ (m)
Band‘ Wavelength 1 Spatial Resolution 1 NEAp 5 SNR ,) 1(x 10*‘

1 1 0.620-0.670 . 250 3.39 ‘ 128
1?  0.341-0.876  250

l\J

3.99 . 201.___ _ “.27;
‘ 0.459 _ 0.479  500

00

2.235 pg 243
g 0.545 - 0.555“ = 500

-lb

2.11 - 228
E 1 1.230 - 1.250 500

O1

3.12 74 ;
L 1.628 - 1.652 1 500

O7

3.63
i__..__. —1 275‘— _..._ .

7 2.105 -2.155 it 500 3-06. 110 5

In agreement with common references in aerosol literature the central wavelengths

ofthe bands (or channels) 1 — 7 are identified respectively as 0.66, 0.86, 0.47, 0.55, 1.2, 1.6

and 2.1 |.1m. To retrieve aerosol parameters from MODIS data, independent algorithms are

used over the ocean and over the land. The principal aerosol parameter retrieved by MODIS

is the spectral AOD at six bands corresponding to 0.55, 0.66, 0.86, 1.2, 1.6, 2.1 pm over the

ocean and at two bands corresponding to 0.47 and 0.66 pm over the land. The wide

spectral coverage of the sensor provides an opportunity to determine different aerosol

parameters such as the spectral optical depth, the fine mode fraction (FMF), the angstrom

exponent, the effective radius and the column integrated mass concentration. The parameter

FMF is specified for 0.55 um which is the fraction of AOD contributed by the fine (small)

mode particles to the total AOD, where fine mode and coarse mode comprise of particles

with effective radii in the ranges, 0.1 — 0.25 pm and 1 — 2.5 pm respectively. Over the land,

Angstrom exponent is derived from the AODs at 0.47 and 0.66 pm wavelengths while over
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the ocean, two Angstrom exponents are derived; one using the wave lengths 0.55 and 0.86

pm and the other using 0.86 and 2.1 pm.

2.2.2 Inversion algorithms

Details of the aerosol retrieval algorithm over the land and the ocean are

documented by Kaufman er al. [l997b] and T anre er al. [I997]. The basic formulation of

the retrieval method has not changed since its initial inception except that it has been

upgraded [Levy er al., 2003; Remer et al., 2005; 2008] a few times by incorporating

appropriate changes in the aerosol models, surface reflectance characteristics and radiative

transfer computations. These changes could refine the algorithm to a great extent. The

MODIS data are classified into ‘collections’, where the collection number corresponds to

data produced by a definite version of the algorithm. The evaluations of Collection 002

(C002) and Collection 003 (C003) products [Chu er al., 2002; Remer et al., 2002] led to the

generation of Collection 004 (C004) with a few improvements in this version of the

algorithm. A comprehensive evaluation of regional and global C004 aerosol products

[Remer er al., 2005] resulted in a complete overhaul of the retrieval algorithm over the land

and a few upgradings for the retrieval over the ocean incorporated into the Version 5.2 that

forms the C005 products.

Each MODIS pass is split into individual scenes called ‘granules’, containing

measurements for an interval of 5 minutes. Before processing, the calibrated and geolocated

radiances in each granule (termed the Level 1B products) are first organized into nominal

10 km >< 10 km boxes, each corresponding to 20 by 20 pixels in the case of 500 m

resolution channels. Reflectances in channels with 250 m resolution are degraded to 500 m

resolution and are also organized into 10 km >< 10 km boxes. Each of the 20 by 20 (= 400)

pixels in the box is first checked for cloudiness, snow/ice or water, using MODIS cloud

mask (MOD/MYD35) which contains all the masking information. Ocean algorithm is

implemented only if all the pixels in the box are identified as water otherwise the land

algorithm is followed. Note that the quality of aerosol retrieval along the coast will be

rather poor as the domain box considered in this case will contain pixels over water as well

as over the land.
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2.2.1 Algorithm over the land

’ The reflectance measured at the top of the atmosphere (TOA) is a function of all the

jsnccessive orders of interaction within the coupled surface-atmosphere system. According

toKaufman et al. [l997b], this can be approximated as

F 9 T 9 S 0 ,9,
p;<@..@..¢.>=p?,<@.»@.,¢.>+ ’*‘ S) *‘ v)"’*‘S vi‘) <1-1)S

l—SX pk(9s,ev,¢,)

where pai is the ‘atmospheric path reflectance’, F ;, is the ‘normalized downward flux for

zero surface reflectance’, Ti, is the ‘upward total transmission’ into the satellite, si is the

‘atmospheric backscattering ratio’ and psi is the ‘angular surface reflectance’, all

corresponding to the wavelength, 7t. These are functions of solar zenith angle, satellite

zenith angle and relative azimuth angle (azimuth difference between solar incident and

satellite viewing directions) represented here as 95, 9., and tbd respectively. All the terms in

Eq.(2.l), except surface reflectance, are functions of aerosol type and its concentration. A

‘look-up-table’ (LUT) is generated through simulation of the satellite detected radiances for

a range of aerosol and surface properties. The TOA reflectance is computed for seven

aerosol loadings (t = 0, 0.25, 0.5, 1.0, 2.0, 3.0, 5.0), nine solar zenith angles (between 0.0°

and 66.0°), 16 sensor zenith angles (between 0.0° and 66.0°) and 16 relative azimuth angles

(between 0.0° and 180.0°). For aerosols, the algorithm assumes a fine (spherical) particle

dominated model and a coarse (spheroid) particle dominated model, each comprising of

multiple log normal size distribution combined with proper weightage, to represent the

ambient aerosols over the target. The algorithm works by comparing the satellite observed

radiances with the computed radiances in the LUT to retrieve the aerosol conditions which

mimics best, the observed radiation field.

2.2.2.1.1 Recent modifications in the land algorithm

Evaluation of C004 algorithm with measurements from 132 Aerosol Robotic

Network (AERONET) stations located at different parts of the globe showed very good

agreement in most of the cases. However, the retrieved AOD showed a systematic bias

which varied from place to place over the land [Remer et al., 2005]. At many places the

bias was positive when the AOD values were relatively low and negative when the AOD
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values were high [lchoku et al., 2003; 2005; Levy er al., 2005]. Moreover, the FMF

retrieved over the land showed significant deviations in many cases. These problems

indicated the need of incorporating region and season specific refinements in surface

reflectance and aerosol optical properties to improve the aerosol retrieval. For certain

viewing and solar illumination geometries, neglecting the effect of polarization in the

radiative transfer calculation was also found to be a source of error in the estimated TOA

reflectance. This can lead to discrepancies greater than 10% in the retrieved values of AOD

[Levy et al., 2004].

In the MODIS C005 algorithm, a basic change is incorporated in the

parameterization of land surface reflectance. Besides, a vector radiative transfer code, RT3

[Evans and Stephens, 1991] is implemented in the generation of the LUT instead of the

scalar code used in C004 and the aerosol scattering phase functions are calculated using

MIEV Mie code [Wiscombe et al., 1980] or the T-matrix kemal code [Dubovik et al.,

2002b; 2006] depending on the spherical and spheroidal model for the aerosols. Further, the

Rayleigh optical depth which was assumed same everywhere as at the sea level, is corrected

for the elevation of the surface [Fraser er al., 1989]. In addition to these modifications in

the algorithm, the sensor calibration coefficients are also updated in C005.

2.2.21.2 Parameterization of the land surface reflectance

Up to the C004 algorithm, the retrieval philosophy of MODIS over the land, had

assumed aerosols to be transparent at 2.1 pm channel over vegetated surfaces which appear

darker in the mid-IR wavelengths. Based on observations over vegetated and dark soil

surfaces, Kaufman and colleagues [Kaufman et al., 1997b; Kaufman et al.,l997c] had

arrived at the following relations between the surface reflectances in different wavelengths:

pin? = 0-25 I321 and p{s).66 : 05 psi: (22)

where p 5;] denotes the surface reflectance at the wavelength 7t

Later, after extensive validations of MODIS derived AOD [Chu et al., 2002; Remer

et al., 2002; Levy er al., 2005] and surface reflectance measurements in the visible (VlS)

and short wave l R (SWIR) [Gatebe er al., 2001], it was observed that the ratio VIS/SWIR

vary according to the surface type, scattering geometry and vegetation of the surface
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expressed in tenns of NDVIS (Nonnalised Difference Vegetation Index) [Gatebe et al.,

2001; Remer et al., 2001; Levy et al., 2007]. NDVIS is defined as(2.3)
where pm]; and pm2,| are MODIS measured reflectances in 1.2 and 2.1 pm channels

respectively which are not very much influenced by the aerosols.

Values of NDVIS > 0.6 correspond to dense vegetation while NDVIS < 0.2 indicates

sparse vegetation. An increase in NDVIS indicates increase in the density of vegetation near

the surface. Thus the values of pS0_66 and PS0/41 used in C005 algorithm, are modified as

functions of pS2_1, NDVIS and scattering angle y , defined as

Pimo : fl (P31 >NDVI$>Y)=pi.1 Xslopeorss/2.1 + yimons/2.1

(2.4)s _ s _ s 
90.47 — f2 (90.66 )_ puss X 510930.47/0.66 + y1m0.47/0.66

where

NDVI_ s _
s1ope0'66/2.] -slope0'66/2.] +0.002y 0.27,

y int 0.66/2'] = 0.00025 7 + 0.033, (25)
S'°p°0.47 /0.66 I 0'49’

>'i“‘0.47/0.66 Z M05

where in tum

NDVIS
slope0.66/ 2.1 = 0.48, for NDVIS < 0.25,

NDVISslope0_66/2.1 = 0.58; for NDVIS > 0.75, (2_6)
slopeNDvIS = 0 48 + 0 2(NDVI — O 25)"0.66/2.1 ' ' s ' ’

for 0.25 5 NDVIS 3 0.75

22.2.1.3 Inversion procedure

The C005 land algorithm combines fine and coarse particle dominated models to

match with the sensor detected spectral reflectance. By simultaneously inverting aerosol
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and surface information in the three channels 0.47, 0.66 and 2.12 pm, three output

parameters; 1 and FMF (11) at 0.55 um and the surface reflectance psi]; are derived. It has

been shown by Remer et al. [2005] that n can be used to express the TOA spectral

reflectance (phi) as a weighted sum of the spectral reflectances from a combination of fine

(pqk) and coarse (p*°;_) dominated aerosol models in the form

pi = n pf + <1» 11 >p§° <21)
where p*f;, and p*°;, are composed of surface reflectance and atmospheric path reflectance

[as described by Eq. (2. 1)] of separate aerosol models. These parameters are defined as

f f s
*r: af+F7tT7tp7t

pl pl l_f sjat

cn

TD
>’

(2-3)
c c s

*c=pac+ F7tT7tp7tP2. it 1_S

/'i\
>’O

‘O
>-’UJ

\&_../’

where pas, and p“°;i are the atmospheric path reflectances for the fine mode and coarse mode

aerosols, Ff; and F°;, are normalized downward fluxes for zero surface reflectance, Ta and

T°;, represent upward total transmission in the satellite field of view, sf; and s°;, are

atmospheric backscattering ratios. In the retrieval procedure the value of n is varied in

discrete steps of 0.1 from -0.1 to 1.1. The details of the procedure are described by Levy er

al [2007].

2.2.21.4 Correction for Rayleigh optical depth

In the C005 algorithm the Rayleigh optical depth is computed considering the

elevation of the surface [Dutton et al., 1994; Bodhaine er al., 1999] as,

111,2. = 0.00s772t,"4-°5 (2.9)
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'In the computation of TR’), the surface elevation z is incorporated in Eq. (2.9) through 1,,

using the expression [Fraser er al., I989],

1.p(z) = 7L exp ( z/34) (2.10)
where 7t is the tme wavelength of the desired channel.

Combining Eq.(2.9) and (2.10), the Rayleigh optical depth is estimated in the algorithm as

rm = 0.00s77[>. exp (Z/34)] "‘-°5 (2.11)
2.2.2.1.5 Inversion procedure for dark pixels

The reflectance data in the 400 pixels encompassed over a domain of l0 km x l0

km [described in Sect. (2 .2.2)] is screened based on the value of surface reflectance for each

pixel. Dark pixels are those with dense vegetation for which the value of pl; will be small

while for the pixels with unvegetated and partly vegetated surface the value of p2_| will be

large. With this assumption only those pixels which satisfy 0.01<p2_1< 0.25 are considered

for deriving the aerosol parameters over the land. In order to reduce the possible cloud and

surface contaminations, the darkest 20% and brightest 50% of the pixels in the 0.66 um

band are also discarded. After this, if the number of pixels remaining is 12 or more, the

average of the reflectances at 0.47, 0.66, 2.1 and 1.2 pm channels and the NDVI, are

computed. Depending on the number of the screened in pixels, a Quality Assurance

Confidence (QAC) value between 0 and 3 is assigned for each box. In the algorithm, the

fine dominated aerosol model is selected based on the geography and season at the

respective region while the coarse dominated model (dust) is always kept fixed. The fine

mode (spherical) model include either of the three models viz ‘absorbing/heavy smoke,

‘neutral/generic’ and ‘non-absorbing/urban-industrial’ depending on the case applicable

with appropriate single scattering albedos, refractive indices and scattering phase functions

[Remer et al., 2006; Levy er al., 2007].

The values of the parameters pa, F, T and s for fine as well as coarse models are

interpolated from the LUT for the solar illumination and sensor viewing angles

corresponding to seven values of AOD (0, 0.25, 0.5, 1.0, 2.0, 3.0 and 5.0) indexed at 0.55

pm. The algorithm then solves for 1055, and P5112 for each of the l3 values of 1] ranging
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fiom -0.1 to 1.1 in interval of 0.1, to match exactly the MODIS measured reflectances at

0.47 um (p'“0_47 ) and 2.1 pm (p"‘2_; ) with those obtained from the LUT (p*0_47 , p'2_|)

[Remer et aI., 2005; Levy et al., 2007]

KP’ 0.47 - Pm 0.47) /Pm 0.47| I 0

(2.12)
KP 2.i2- Pm 2.12) /Pm 2.i2| Z 0

The final solution for 1055 and ps 21; is arrived at iteratively using different values of 1] such

that the error e defined by,

|(P' 0.60 - Pm 0.66) /Pm 0.0e| =8 (2-13)
is reduced to a minimum value.

2.2.2.1.6 Inversion procedure for brighter pixels

If the number of screened in pixels is less than 12 in the above procedure, the

domain is considered to be less vegetated and the pixels within the box are too bright to

support the standard retrieval procedure for darker pixels. In this case, the upper limit of

Pm2.1 is relaxed to increase as a function of slant path as

0.25 < p'"2,1 < 0.250 < 0.40 (2.14)
where G = 0.5 ((1/M0) + (1/\/M@)), My = cos(0,,) and M0 = cos(9,) represents the slant

path of radiation.

According to this criterion, as the path traversed by the radiation increases, more

energy is scattered from the atmosphere, and the contribution from the surface reflectance

becomes less significant. This is especially true at the 0.47 pm channel where atmospheric

signal is maximum and the surface is very dark. For this reason this alternative path of

inversion retrieves aerosol only in the 0.47 pm channel [Remer et al., 2005]. If a minimum

number of 12 pixels satisfying the above condition is available in the domain, this inversion

procedure for the brighter pixels is followed. Otherwise the procedure ends with no

retrieval. In this case, the Quality Assurance Confidence (QAC) is set 0, indicating that data

quality is ‘poor’.
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Because of the greater retrieval uncertainty over these brighter surfaces as well as

due to the fact that the retrieval is made only in one wavelength (unlike the case over the

darker pixels), a simple ‘continental model’ is used for the retrieval purpose. The AOD and

flux are derived from the LUT for 0.47 um and are then extrapolated to 0.55 and 0.66 um

usingthespectral dependenceof the continental model [Remer et al., 2005]. The same VIS

to SWIR reflectance relation [given in Eq.(2.4) to (2.6)] used in the earlier method is

assumed for this case also and the aerosol properties are indexed to 0.55 pm. Over and

above, since a single spheroid aerosol model is used for retrieval, the first term of Eq.(2.7)

alone (i.e., r| = 1.0) is used in this case. The primary products derived are r0_55 and psm

[Levy et al., 2007].

2.2.2.2 Algorithm over the ocean

Aerosol retrieval algorithm over the ocean employs six MODIS spectral channels

(i.e. all except channel 3 in Table.2.1) to derive aerosol properties only under cloud free

[Ackerman er al., 1998; Martins et al., 2002], glint free and sediment free [Li et al., 2003]

conditions. The 400 pixels, after being screened for clouds, glint and sediment, are sorted in

ascending order to avoid the darkest and brightest 25% pixels to eliminate the possible

residual clouds, glint and cloud shadow effects. The retrieval algorithm will proceed only if

there are at least l0 good pixels at 0.86 um channel within the 10 km x 10 km domain. A

LUT generated using the radiative transfer code by Ahmad and Fraser [1982] consists of

TOA reflectances at six wavelengths computed by incorporating the sun glint effect [Cox

and Munk, 1954], reflection by white caps [K0epke, 1984] for a surface wind speed 6 ms"

and a Lambertian reflectance from under water scattering. The water leaving radiance is

assumed to be negligible in all the wavelengths except 0.55 pm for which a fixed value of

0.005 is assumed. The LUT fitrther adopts a bimodal lognonnal distribution fLll'lCliOI1 for

aerosol size distribution with nine basic modes including ‘four’ fine modes and ‘five’

coarse modes combined with a weighting parameter (11) which is the FMF such that,

t>,IjUT ='lP£+(1"'l)P;i (2-15)
The LUT is computed for the 20 combinations of fine mode and coarse mode for 6

AOD values (0, 0.2, 0.5, 1.0, 2.0 and 3.0), 9 solar zenith angles (between 6.0° and 72.0°),
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l6 satellite zenith angles (between 0.0° and 72.0°) and l6 relative sun/satellite azimuth

‘angles (between 0.0° and l80.0°) for a total of 2304 angular combinations. For each of the

combinations the inversion finds the pair of 1055 and n that minimizes the deviation
-i

it defined as,

“r

2

» 6 of —0I,[UT
_ _'. ..P?2_p?~ +01  (3-16)A-1 6

where N1 is the sum of good pixels at wavelength 7t, pm; is the MODIS measured

reflectance at 7t, p“‘y;( is the reflectance contributed by Rayleigh scattering and pun; is that

provided in the LUT. A fixed value of 0.01 is included in this equation to prevent division

by zero for longer wavelength under clean conditions [T anre er al., 1997]. The pLUT0_g7 is

made to fit exactly with the measured reflectance at this wavelength, as this channel is least

affected by variability in water leaving radiance but exhibits strong influence by aerosols.

Best fits to other five wavelengths are arrived at using the relation Eq.(2.l6). The

combination of the modes with accompanying T055 and n that minimizes A, gives the best

solution. The ‘average’ solution is the average of the solutions with A< 3%. If no solution

has A < 3%, the average of three best solutions is taken.

To identify dust events over the glint, an additional check is performed in the

inversion procedure. Heavy dust activity over glint shows a distinct spectral signature

because of increased absorption at blue wavelength. Hence if glint angle is < 40°, and

pom/pO_66 is < 0.95, it is identified as heavy dust and retrieval is done, instead of masking

the (glint) pixel.

The theory and strategy of C005 aerosol retrieval over the ocean remains the same

as that for C004 described above except for a change in the sea salt refractive index in the

coarse aerosol model. The primary retrieved products of ocean algorithm are AOD and

FMF. From these primary data, other products like effective radius, mass concentration etc.

are derived [Renter er al., 2005].
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2.2.3 Cloud screening in MODIS

Ackerman et al. [I998] and Gao er al. [2002] have developed an excellent cloud

masking scheme for MODIS by making use of a combination of 14 wavelength bands

involving about 40 different tests. These different tests confinn the elimination of all types

of clouds including thick high clouds, thin clouds, low clouds, upper tropospheric thin

clouds and cirrus. But as these tests are clear sky conservative (error towards more clouds),

thick aerosol features could be misidentified as clouds. Later Martins er al. [2002]

additionally implemented spatial variability test which further produce satisfactory

difference between aerosols and clouds. Because of this specialized cloud masking scheme

and high spatial resolution, MODIS retrieves aerosol properties near the clouds better than

many other sensors.

2.2.4 Calibration of MODIS

The MODIS sensor has an efficient in-built system for performing the radiometric, spectral

and spatial calibration of the instrument onboard. This system includes

1. Black Body (BB): Primary source for the calibration of thermal bands located between

3.5 pm and 14.4 um

2. Solar Diffuser (SD): The source for the calibration of visible, near IR and short wave IR

bands.

3. Solar Diffuser Stability Monitor (SDSM): A device which tracks changes in the

reflectance of SD in reference to the sun, so that the changes in calibration source will not

be incorrectly attributed to the instrument error.

4. Spectro-Radiometric Calibration Assembly (SRCA): This provides in-flight spectral,

radiometric and spatial calibration.

Two additional calibration techniques used by MODIS are the viewing of the moon and the

deep space. The advantage of "looking" at the moon is that it enables MODIS to view an

object that is roughly the same brightness as that of the Earth. Like the on-board Solar

Diffuser, the moon is illuminated by the sun. Besides, unlike the Solar Diffuser or the

Earth, the moon reflectance is not expected to change over the lifetime of the MODIS

mission. "Looking" at the moon provides a second method for tracking degradation of the

Solar Diffuser. "Looking" at deep space provides a near zero signal condition, which will
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It used as an additional point of reference for calibration (stars are too dim for MODIS to

sense).

12.2.5 Levels of MODIS products

The aerosol products retrieved by processing Level IB data (discussed in Section.

2.2.2) at 10 km >< l0 km resolution (at nadir) are called the Level-2 products. Global

composites of Level 2 granule products for a day, geometrically corrected and gridded to 1°

x 1° resolution for an earth based coordinate system are tenned Level-3 daily products

[Masouka er al., 1998]. During the re-gridding, the data quality is ascertained by

appropriately weighting the Level 2 data based on its quality flags. It should be noted that

each grid square in a Level 3 product can contain multiple orbits and hence are not

synchronous in time, but is a better representation of daily average. From Level 2, weekly

and monthly Level 3 global products are also generated.

2.2.6 Uncertainties in MODIS retrieval

Extensive exercises for the validation of MODIS have been carried out using data

from AERONET stations distributed over the globe. The expected error bars were within

i0.03 i 0.051 over the ocean and i0.05 i 0.151 over the land [Remer et al., 2005]. These

errors, designated for 0.55 um are assumed to be applicable to all other channels also.

Retrieval results for C005 products over the ocean at 0.55 pm fall within the expected

uncertainty 60% of the time. These results are similar to those reported for C004. While

over the land, more than 72% of the observations are within the error (against the 68% in

the case of C004). High values of bias encountered over the land reduced as much as ~ 0%

for Terra and ~ 7% for Aqua (keeping in mind that the expected errors are higher than that

over ocean). Over the ocean, even though the implementation of C005 did not show

significant effect on the derived AOD, it reduced the positive bias associated with the FMF

[Remer et al., 2008].

In the vicinity of clouds (for cloud fraction > 80%), there is a drastic increase in the

measured AOD (almost double) both over the land and the ocean, most probably caused by

the cloud contamination [Zhang er aI., 2005]. However, this condition occurs only 2%
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times over the ocean and less than 1% times over the land. It could also be due to factors

like 3-D effects [Wen et al., 2006; 2007] and the increased humidity around clouds [Koren

etal., 2007; Remer et al., 2008].

In the case of F MF , it does not have a fixed error attached to it. But it shows good

correlations with AERONET measurements of fine aerosol weightingdefined byO’Nez'll et

al. [2003]. Large bias in FMF over the ocean reported by Kleidman er al. [2005] has now

been reduced by improving the aerosol models used for the inversion in the new version of

C005. Hence at present, this is in closer agreement with AERONET observations [Remer er

al.,' 2008]. As the FMF under low AOD conditions (AOD<0.2) is highly uncertain, it is not

reported under such conditions. In general on an average, an uncertainty up to 30% can

exist for MODIS derived FMF over the ocean and is higher in the case of naturally

occurring aerosols like sea salt and mineral dust [Kaufman er al., 2005; Kleidman et al.,

2005; Bellouin er aI., 2005]. The uncertainty of FMF over the land is still larger and hence

it is suggested that the values should be used only for a qualitative analysis and that too on a

global mean basis. Even though during some occasions the FMF values are closer to the

expected ones, they camiot properly represent the transfonnation of one aerosol type to the

other [Jethva et al., 2007]. Hence FMF over the land could be used with caution after a

thorough evaluation and validation. A better option for representing sub-micron sized

aerosol contribution is fine AOD which is the product of FMP and AOD. The uncertainties

associated with this are almost comparable to that of the AOD. This quantity can be used as

an indicator for the anthropogenic contribution to the measured AOD [Kaufman er al.,

2005]

2.2.7 MODIS data used for the present study

As the present study involves an investigation on the day-to-day variations in the

spatial distribution of AOD over a large domain comprising the Indian subcontinent and

adjoining oceans, the Level 3 daily data at 1° >< 1° grid resolution from both Terra and Aqua

satellites are used optimally. Gaps between the satellite passes and presence of clouds

reduce the coverage of a satellite sensor. But in the case of MODIS, this can be improved

considerably by combining data from Terra and Aqua. The inclinations of the tracks of

these satellites on the day side are different and there is a time gap of around 3 hours
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between their passes over a given location. Combining data from both the satellites, the

difference in their inclination helps to reduce the gaps between the passes of each satellite.

In addition to this, the movement of clouds during the time gap between the two satellites

would reduce data loss due to clouds. Therefore, in order to achieve maximal spatial

coverage and better representation of the daily aerosol properties, the data from Terra and

Aqua are combined optimally. For doing this, the pixels are divided into three types in

terms of data content: (i) those having data from both Terra and Aqua (ii) those having data

from either Terra or Aqua (iii) those with data from neither. In the case of pixels having

data from both the satellites, the mean is taken and for those having data from one satellite,

that data is retained. The pixels with no data from either of the satellites are left blank.

Figure 2.2 shows a typical example of MODIS derived AOD on March 20, 2006, over the

Indian subcontinent and the surrounding oceanic areas (between 0° - 30°N and 40° 

l00°E), from Terra and Aqua satellites separately and that obtained through optimal

combination as described above. One can notice the considerable improvement in the

spatial coverage achieved. Terra Aqua30°N — — — —
(Q) _,_

zom

10°N ,
I

V__ _.__~J _ __.__
4O°E 60°E so-E T0°E so-e 90°E 40°E 60°E WE WE 80°E 90°E

Terra 8- Aqua optlmally combined30°N~ A
20 °N

10 °N

4O°E 50°E 6O°E 70°E 80°E 9O°E

AODio oz on o.e o.e 1
F ig.2.2. Spatial distribution of Level 3 AOD data fiom MODIS on board Terra (a) Aqua (b)
and that obtained by the optimal combination of data fiom both Terra and Aqua (c) for
March 20, 2006
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2.3 Aerosol optical depth from surface measurements
Microtops ll Sunphotometer (Solar Light Company, Inc., USA) is a multi-channel

hand held instrument, that measures direct solar radiation the attenuation of which in

different wavelengths is used to derive the AOD in those wavelengths. This instrument,

being portable, is widely used for the measurement of AOD from ground.

2.3.1 Principle of Operation of Microtops II

Microtops-ll measures solar irradiance in five user defined wavelength channels

with a set of five accurately aligned optical collimators having a filll field of view of 2.5°. A

narrow-band interference filter (with a typical full width at half maximum band pass of 0.01

pm) and a photodiode optimized for the respective wavelength are fitted to each of these

channels.

A sun target and pointing assembly is permanently attached to the laser aligned

optical block of the instrument to ensure precise alignment with each of the optical

channels. All the optical channels are oriented accurately towards the solar disk by focusing

the sun exactly on the cross hairs screen provided on the instrument. Radiation entering the

collimators is detected by a photodiode after passing through the interference filters. The

anode current of the photodiode is proportional to the radiant power received. These signals

are further amplified and converted to digital signals using a high resolution A/D converter.

Microtops has built-in pressure and temperature sensors. A GPS (Global Positioning

System) associated with this system provides the exact geographical coordinates as well as

the time information for each of the observations. Using all these parameters recorded by

the instrument, a built-in microprocessor computes AOD along with the column integrated

concentrations of ozone or water vapor in real time and displays on an LCD screen_[Morys

et al., 2001; Porter et al., 2001].

2.3.2 Estimation of AOD using Microtops II

The computation of AOD by the instrument from the ground reaching solar

radiation in the visible to near IR wavelengths is based on the Lambert — Beer’s law

V;_ = V0}. €Xp (— T9. l\/la) (2.l7)
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where, V) is the signal measured at the wavelength, 7L

V0), is the extraterrestrial signal at wavelength, 7t corrected for mean sun-earth

distance

1,), is the total optical depth = I) + rm + ‘[931 where

r), IR), and 103;, are optical depths for aerosols, molecules and ozone respectively

Ma is the optical air mass

Optical air mass (Ma) is defined as the ratio of the actual path length traversed by the

radiation as it reaches the detector to the corresponding vertical path length. This is

expressed in tenns of the solar zenith angle (95) as

M, = sec 0, - 0.0019107 (sec 0, - 1) - 0.002875 (sec 0, -1)2

- 0.0008083 (sec 0, - 1)‘ (2.18)

For the estimation of AOD, Rayleigh and Ozone optical depths, rm and 103;, defined (based

on atmospheric models) through the following relation are to be subtracted from the total

measured AOD by the instrument.

rm = R4 exp [-2 /(273/29.3)] (2.19)
T03) = OZElbS X DOBS/l000 (2.20)
where,

z is the altitude of the place of observation in meters

R4 = 28773.6 >< {R2 >< (2 + R2) >< 202} 2

R2 = 10-8 >< {834213 + 2406030 / (130_- at-2) + 15997/ (38.9 - 202)}

Here, K is the wavelength of radiation in microns [Edlén, 1966; T eillet, 1990; Bodhaine er

al. 1999]

Ozabs is the Ozone absorption cross section, obtained from a LUT based on wavelength

[e.g., Vigroux, 1953; Molina and Molina, l986],

DOBS is the columnar Ozone amount in Dobson unit, extracted from a LUT based on

latitude and date of observation [e.g., London er al., 1976]
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From Eq.(2.l7), AOD (rt ) can be derived as

Ti = [1n(Vox) ' 1Y1(V2t)] /Ma — (Tm + T031) (2-21)

V0; is obtained by calibrating the instrument through the extrapolation of Langley plot

(lnV;r against Ma) [Shaw er al., 1973] for zero air mass on clear days at a high altitude

location.

2.3.3 Errors and precautions

1. Sufficient care has to be taken during the sunphotometer measurements to avoid cloud

contamination. Any cloud patch close to the line of sight of the sun can lead to

unreasonably high values in AOD. In fact, measurements should be restricted to maintain at

least an angular distance of 30° between sun and the nearest cloud patch [lchoku er al.,

2002]

2. The instrument should be pointed accurately towards the Sun such that the centre of solar

disk exactly coincides with the centre of cross hairs. Capturing the Sun’s image away from

the optical axis increases AOD exponentially [lchoku et al., 2002].

3. The measurements must be made closer to the local noon to avoid optical distortions

arising at larger solar zenith angles.

4. The quartz window of the instrument in the front side has to be cleaned periodically to

avoid false measurements (unreally high values of AOD).

5. Being a hand held instrument, pointing accuracy is very critical, especially on moving

platforms such as ships, which has been discussed extensively in Porter et al. [200l]. In

such cases, it is advised to make 4-5 measurements continuously in quick succession and

select the least value among them as the real optical depth. This is because pointing

inaccuracies will always lead to decrease in the collected radiance thereby erroneously

leading to an apparent increase in the measured AOD.

6. Sunphotometers have to be calibrated at regular intervals (once a year) and well cleaned

before measurements to get accurate values of AOD.

With all these precautions, this instrument is expected to provide AOD with an accuracy of

i0.03.
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2.4 NCEP reanalysis of meteorological fields
The National Centers of Environmental Prediction (NCEP) / National Center for

Atmospheric Research (NCAR) are collaboratively working for a project called ‘reanalysis’

which produces a global record of atmospheric fields for the use of research and climate

prediction communities. The basic aim of the project is to use a frozen state-of-art forecast

system and execute assimilation of a large collection of data from 1957 onwards. The

collection includes data from land surface measurements, -rawinsonde, aircraft, satellite and

all other possible measurements [Kalnay et al., 1996].

NCEP/NCAR provides several meteorological fields at 2.5° x 2.5°resolution for 17

atmospheric levels from 1000 hPa to 10 hPa. In order to investigate the effects of wind field

on aerosols which are mainly confined within the lower troposphere, the data of the lowest

seven levels (1000 - 400 hPa) are sufficient. Hence NCEP data of the lowest seven levels

are used in the present analysis. The meteorological parameters from NCEP reanalysis used

for the present study are the zonal, meridional and vertical components of vector wind and

relative humidity.

2.5 Ocean surface wind from QuikSCAT

‘SeaWinds’ is a scatterometer housed in the NASA’s Quick scatterometer (termed

QuikSCAT). The scientific objective of this sensor is to carry out high resolution,

continuous, all weather measurement of near-surface winds over the ice-free global oceans.

The name ‘quik’ is added to this sensor because this satellite was launched with a ‘quick’

planning in 1999 to fill the data gap of the NASA scatterometer (NSCAT), which lost its

power in June 1997 while in orbit.

2.5.1 QuikSCAT sensor and measurement technique

QuikSCAT orbits at an altitude 803 km in a Sun-synchronous orbit inclined at

98.6° inclination and has a rotating dish antenna operating in the Ku-band (13.4 GHZ) with

two pencil beams sweeping the ground in two circles. The inner beam oriented at 40° (angle

of incidence) and outer beam at 46° polarized horizontally and vertically respectively

produce a wide swath of around I800 km covering almost 90% of the global oceans in a

single day. The centimeter scale or the capillary waves generated by the winds on the
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ocean surface scatter back the radar power primarily through Bragg resonance modulated

by the roughness of the surface. This scattered radiation received by the satellite is used for

estimating the vector wind. The measurement geometry of the QuikSCAT is shown in Fig.

2.3

Sea winds orbit track
O

9 \ nadir track
46° beam 40° beam

,pI4

nadir\ " cross trackI0
1

1I
1

JII
1

4

"\ "I," ..I4I

F ig.2.3. Measurement geometry 0fQuikSCAT scatterometer

The concept of pencil beam Scatterometry was introduced by Kirimoto and Moore

[I985]. Because of the helical scan pattem swept out by the two pencil beams [as shown in

Fig.2.4(a)] of the scatterometer, each measurement cell within the radius of the inner beam

will be sampled in four directions: first by the outer beam (Tl) followed by the inner beam,

looking ahead of the space craft (T2) and later when the two beams look backwards, the

inner beam scans first (T3) and the outer beam (T4) follows. The typical geometry of these

four scans are presented in F ig.2.4(b). These multiple collated measurements from different

directions can be used to determine wind speed and direction simultaneously [Kramer,

1994]. Most of the time, four wind solutions are found to be consistent with the observed

backscatter at each measurement cell. From these, the absolute wind speed and direction at

10m height from the surface are derived using the ‘Geophysical Model Function (GMF)’.

These are empirical relations derived based on number of experiments for wide range of

incidence angles, frequencies, polarization and azimuth angles. The GMF was first

developed for NSCAT [Wenrz and smith, 1999] and later modified to suit QuikSCAT

[Lungu, 2001].
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(3) scan panem (b) Two-beam system
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Fig.2.4 The helical scan pattern swept out by the QuikSCAT scatterometer (a) and two
beam system which shows a single point being looked at from four diflerent directions
(T1, T3, T3andT4) (b)

2.5.2 Retrieval uncertainties & difficulties

Maximum uncertainty in the QuikSCAT retrieval is when the wind speed is very

low (< 3 m/s), and the spatial variation in wind direction is high. At low wind speed, the

backscattered signal will be too low to separate it from noise. For wind speeds in the range

3 — 20 ms", the accuracy is within 2 ms" and in the range 20 — 30 ms", it is within 10%.

The wind direction can be measured within an uncertainty of 20° [Frez'lich, SeaWinds

Algorithm Basis Theoretical Document]. The GMF tuned with buoy observations and

weather forecast models is found to underestimate the wind speed when it is very large.

Hence the ambiguity for wind speed > 25 ms" is large compared to that for the low winds

[Hoffman and Leidner, 2005].

Rain also introduces contamination in the retrieved wind data as it affects the ocean

surface roughness, and attenuates and scatters the radiation. Hence QuikSCAT cannot

retrieve accurate ocean winds during moderate to heavy rain conditions. Hoffman and

Leidner [2005] have shown that this condition arises when vertically integrated rain rate

(estimated from SSM/I) exceeds 2 km mm hr'l.

The data retrieved in the mid swath lying in the range 200 to 700 km on either sides

of nadir will be sufficiently accurate since this region is viewed for maximum different

viewing geometry. But the data from regions very near to nadir as well as far from the

swath region are expected to be inferior in quality.
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2.5.3 Details of wind data from QuikSCAT

For the present study, daily data of meridional and zonal components of the ocean

surface winds gridded at 0.25°>< 0.25° resolution from QuikSCAT are used. Each data file

contains individual data sets for both ascending and descending nodes of the satellite pass.

Data from both these passes at every 0.25° >< 0.25° grid are optimally combined to represent

thedaily average value of wind at that location. This has been done similar to the case of

combining data optimally from MODIS Terra and Aqua satellites, discussed in Sect.2.2.7.

2.6 Meteorological parameters influencing the aerosol
properties

Atmospheric aerosols are highly heterogeneous in their spatial distribution and also

show significant temporal variation. The wide range of aerosol generation mechanism, their

varying strengths and their long range transport through atmospheric circulation are the

influencing factors responsible for these spatio-temporal variabilities. The day-to-day

variations in the spatial distribution of AOD through atmospheric circulation cannot be

attributed entirely to wind speed and/or wind direction. It is also influenced by other

features of wind such as wind convergence, vorticity and up/down drafts. In addition to

these dynamical features of transport, the prevailing atmospheric relative humidity also

plays an important role in determining the AOD at a particular location at a given time

[Nair and Moorthy, 1998]. The influence of each of these parameters on AOD is detailed

below.

2.6.1 Horizontal wind convergence

Wind field in lower atmosphere is not a well organized stream line flow. It is highly

turbulent with speed and direction significantly varying from place to place depending on

many atmospheric parameters as well as topography. This can lead to convergences and

divergences in the wind field which varies with time. Being buoyant, aerosols are carried

over long distances, up to thousands of kilometers from their sources depending on the

nature of wind. During the transport, dynamical features of wind such as divergence and

convergence can influence the spatial distribution of these aerosols. When there is a

convergence in horizontal wind, the aerosols accumulate leading to an increase in the

concentration even in the absence of sources. Similarly when there is a divergence aerosols
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get dispersed very fast even in the presence of an intense aerosol source. The convergence

of horizontal wind can be expressed as

Wind convergence = — ( El + g ) (2.22)x

where u and v are zonal and meridional components of the horizontal wind field. The

positive and negative values indicate convergence and divergence respectively.

2.6.2 Vorticity

Another important parameter relevant to aerosol transport is the vertical component

of wind vorticity. Locations of positive and negative vorticities and their strengths are

indicators of pressure distributions in the atmosphere, which block and guide the flow of

aerosols by the winds. Winds flow faster around localized strong pressure gradients. Thus

spatial distribution of vorticity becomes very helpful in identifying the origin and transport

pathways of aerosols. Vorticity is defined as

Vorticity = gl -— g-Ii (2.23)x J’

2.6.3 Vertical wind

Vertical component of wind influences the vertical distribution of aerosols. The up

lift of aerosols to higher altitudes and their subsidence to lower altitudes are also governed

by this component of vector wind. In several cases, the elevated aerosol layers in the

atmosphere are formed as a consequence of change in the direction of the vertical wind.

In the NCEP reanalysis, the vertical wind is expressed in Pascal per second (Pas")

with positive and negative signs representing downdraft and updraft respectively. Note that

if the vertical velocity is expressed in terms of ms", the opposite will be the case.

2.6.4 Relative Humidity

The effect of RH on the aerosol optical properties are detailed in Chapter l, Sect.

1.6.2. As the RH in the atmosphere increases water vapour condenses on the aerosol

particles leading to a change in their size, density and refractive index thereby modifying
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their optical properties. All these effects, lead to an increase in the aerosol extinction

coefficient and hence, the AOD. Oceanic aerosols which consist mostly of salt particles,

generally show high affinity towards water [Parameswaran and Vzjayakumar, 1994].

Hence RH will have a substantial influence on the AOD over the oceanic environment.

Hygroscopic growth of aerosols however, is found significant only when RH exceeds

around 70% [Hanel., 1976; Parameswaran, 1996].

2.7 Investigation of aerosol source strength and continuity
equation

The spatial distribution of aerosols is govemed by source activities and features of

prevailing circulation. Thus, in order to identify the actual role of sources, it is essential to

eliminate the influence of wind field. For this, an analysis using an aerosol flux continuity

equation is very effective. Using this the spatial distribution of sources can be derived and

their strengths can be estimated.

2.7.1 Aerosol flux continuity equation

The dynamics of aerosol transport and generation /loss processes can be described

using the aerosol flux continuity equation

§+V-[BVl=S0 (2.24)
where B is the aerosol extinction coefficient, V is the three dimensional vector wind and so

the strength of aerosol source which are in general, functions of the space co-ordinates and

time (x, y, z and t ) . The aerosol parameter provided by the satellite is the columnar AOD

which is related to B as

(Dt<»<.y>= [B(><.y.z)<1z ma
0

Integrating Eq.(2.24) over 2,Q" =0 (2.26)
-g—: +  Bu dz]  Bv dz] = S(x,y,t)
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here u and v are the zonal and meridional components of the wind and S is the column

llcgrated net source strength. By incorporating the daily values of AOD (from MODIS)

ad the daily wind field at different atmospheric altitudes (from NCEP reanalysis) into this

quation, the strength of aerosol source/sink can be estimated.

_ As the spatial resolution of NCERnLind field is 2.5°x 2.5°,MODIS derived AOD at

l§l°xl° resolution is first degraded to match the resolution of the winds. This degrading is

performed by imposing the condition that the AOD values must be available over 60% of

the area covered by the NCEP wind field grid. Otherwise, the grid is kept blank.

A time interval of one day is considered for the first term on the LHS of Eq.(2.26)

which represents the change in AOD in each pixel from one day to the next. The second

and the third terms together constitute aerosol flux divergence. The aerosol flux at different

pressure levels are expressed through the product of aerosol extinction coefficient at those

altitudes with the corresponding NCEP winds. Appropriate models for the altitude

distribution of aerosol extinction are adopted (depending on the region and period of

interest) based on available information.

In the present study, as the time resolution of AOD data is one day, the mean of the

flux divergences for the two successive days are considered along with the day-to-day

changes in AOD for solving Eq.(2.26). lt should be noted that to compute the LI-IS of this

equation, the AOD for a given pixel has to be available on the two successive days along

with the condition that data from at least one adjacent pixel in the zonal and meridional

directions should also be available (for estimating the flux divergence terms). In the

divergence '(6I‘lTlS, the latitude and longitude grid sizes are converted to corresponding

distances taking into account the earth’s curvature. The vertical integration of the flux term

is carried out over seven levels (from 1000 hPa to 400 hPa) following the standard

Lagrangian interpolation scheme [Jain er al., 1993] by dividing the entire altitude range

into three sections with three sub-pressure levels in each.

On the RHS of the Eq.(2.26), S is the net aerosol generation expressed in terms of

AOD change per day. This will include aerosol generation from all sources present (natural

and anthropogenic) like wind blown dust, sea-salt particles, industrial exhaust, fuel/biomass

burning etc., and loss due to removal processes such as dry/wet deposition, impaction,

coagulation, diffusion, etc. The sign of the net source will determine the net change in

aerosol loading at a particular location. If the value of net source is zero it suggests that the
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aerosol generation is fiilly compensated by the prevailing loss processes, while positive

value of S suggests that the aerosol generation is dominating the loss processes and

negative value indicates that the loss process is dominating.

In the present study, the flux continuity equation is used to identify major sources of

aerosol generation (with positive values of S) and to quantify their strength at different

locations over the Indian subcontinent as well as over the adjacent oceanic regions. The use

of the flux continuity equation in different study domains are explained in the following

chapters.

2.8 Summary
This chapter mainly deals with different sources of data used for the present study (the

transport dynamics of aerosols and its influence on the spatio-temporal distribution of

aerosols over the Indian subcontinent and the adjoining oceans). The major database

required for this study is the spatial distribution of AOD, aerosol size distribution, wind

field and atmospheric relative humidity on a synoptic scale. The primary source of aerosol

data is MODIS onboard Aqua and Terra satellites from which AOD and FMF are optimally

combined to study the spatio-temporal variations. The details of MODIS data and algorithm

used for inversion (from the observed upwelling radiance) are briefly described along with

the assumptions involved as well as the sources and magnitude of possible errors. Before

using the MODIS data it is to be validated (in each case) with ground based observations,

for which Microtops II is used. The principle used in this measurement and its possible

errors are also described. Synoptic wind field (on a daily basis) from NCEP reanalysis is

used for studying the aerosol transport features. The details of NCEP data are briefly

discussed. The ocean surface wind from QuikSCAT is used to examine the marine aerosol

production over the oceanic regions. The measurement technique used in this space-borne

sensor and the probable errors associated with the data are also briefly described. Finally,

the wind variables used for studying the transport dynamics and the method adopted for

evaluating the source strength using the flux continuity equation are described. These are

implemented effectively for studying the spatio-temporal variation in aerosol properties, the

results of which are detailed in subsequent chapters.
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Aerosol generation and transport over the

Ganga Basin during Boreall W'll1Ull[©]I°Z"

llSRO=-GBP Land Campaign H

3.1 Introduction

The Indo Gangetic Plain (IGP) is a wide valley stretching along the north western

India up to the Head Bay of Bengal covering a vast region from around 22° to 32° N in

latitude, across 72° to 92° E in longitude. Occupied by the rivers Ganga, Yamuna and their

tributaries, the Ganga basin (~ 22° - 29°N and 75° - 92°E) forms a major portion of IGP. It

is a gigantic fluvial plain which makes it the largest agriculturally productive region in

South Asia. This fertile land attracted dense human settlement which now amounts to more

than 460 million. Uncontrolled urbanisation and industrialisation of this region lead to high

levels of atmospheric pollution [Ramanathan and Ramana, 2005; Prasad et al., 2006].

Several studies in recent years, using satellite and ground-based measurements have shown

heavy aerosol loading (AOD > 0.5) over the Ganga Basin, during the winter period [Dey er

al., 2004; Girolamo et al., 2004; Singh et al., 2004; Jethva et al., 2005]. Persistent fog and

haze has become a common feature in this region during the winter months. Figure 3.1

shows a true colour Terra image, on December 4, 2001 when intense fog was reported over

many locations along the Ganga Basin resulting from the pollution over this area.
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topography of the region, lead to confinement of aerosol particles in the valley [Girolamo et

a1., 2004; Gautum er al., 2007]. As the possibility of dust storm and buming of biomass is

minimal during the winter, the heavy aerosol loading could be associated more with other

anthropogenic activities [Niranjan et al., 2006; Dey and Tripathi, 2007; Gautam et al.,

2007]. Winter season thus offers an ideal situation for the investigation of the properties of

anthropogenic aerosols and the sources responsible for their production.

3.2 Land Campaign -II
A Land Campaign (LC-II) was organized under the Indian Space Research

Organisation - Geosphere Biosphere Programme (ISRO-GBP) to characterize the physical

and chemical properties of aerosols over the IGP. In this campaign, extensive

measurements on aerosol properties were carried out from December l to 31, 2004 at eight

fixed locations (Hisar, Delhi, Agra, Kanpur, Allahabad, Jaduguda and Kharagpur spread

over the Ganga Basin and Nainital, a remote high-altitude station located in the central part

of lower Himalayas) using a variety of ground-based instruments. These measurements

include AOD, aerosol mass concentration, BC mass concentration, aerosol number size

distribution and chemical compositions. Results from these observations confirmed high

anthropogenic contribution in the aerosol loading over this region during winter [Niranjan

et al., 2006; Tare et al., 2006; Dey and Tripathi, 2007; Nair er al., 2007].

To estimate the actual source strength (rate of aerosol production) from the

measured aerosol concentration over a region, the role played by transport should be

properly accounted. The present work is mainly oriented to examine the generation and

transport of aerosols over a confined geographical region, 20° — 27.5° N in latitude and 75°

- 87.5° E in longitude (referred as the study domain hereafter). This is done using the

aerosol flux continuity equation (described in Chapter 2, Sect. 2.7) by incorporating

synoptic data of AOD from MODIS and the meteorological wind fields from NCEP

reanalysis. Before proceeding to the main part of the work, the MODIS derived AOD is

validated through a detailed inter-comparison with these measurements using ground based

radiometer measurements from two fixed locations over this region.
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3.3 Database

Microtops Sunphotometer was used to estimate the columnar AOD at Kharagpur

from the measured direct solar irradiance at 1.02 pm. These observations were carried out

at regular intervals (15 minutes) from 08:30 1ST to 16:00 IST, by strictly following the

procedures laid down for operating this instrument (see Chapter 2, Sect.2.3.3), subject to

the sky conditions. Along with th_is, multi-spectral AOD measurements by radiometer at the

Aerosol Robotic Network (AERONET) station at Kanpur also is used.

AERONET is a network of ground-based auto tracking solar radiometer (CIMEL

Electronic CE-318 Sun-sky radiometers), distributed_at different sites over the globe

[Holben et al., 1998, 2001; Eck et al., 2005] installed by NASA. Most of the AERONET

stations are programmed to operate at 15 minutes interval during the day at eight

wavelengths: 0.34, 0.38,0.44, 0.50, 0.675, 0.87, 0.94 and 1.02 um (nominal wave lengths).

From the measured solar irradiance at the above wavelengths, the radiometer computes

spectral AOD with an accuracy of about i 0.01 to i 0.02 [Holben et al., 1998, 2001].

The AOD data at 0.50 um, obtained by the AERONET station at Kanpur (26.5°N,

80.4°E) and the Microtops measurements at 1.02 um, from Kharagpur (22.3°N, 87.3°E) are

used for a direct comparison and validation of MODIS derived AOD during the campaign

period. All the measurements over a day from Microtops and AERONET are averaged to

estimate the mean AOD for that day. This value of AOD is compared with the MODIS

Level 3 AOD data optimally combined from Terra and Aqua (as explained in Chapter 2,

Sect. 2.2.7).

To study the role of transport in aerosol loading at a particular location it is

necessary to know the nature of prevailing synoptic circulation, as the mean life time of

tropospheric aerosols is of the order of few days. Since the present study is mainly with the

columnar aerosols (AOD) whose major contribution comes from lower altitudes, less than

l0 km, the NCEP reanalysis winds from the first seven pressure levels (1000, 925, 850,

700, 600, 500 and 400 hPa) only are used for the analysis. From this, the circulation

variables are estimated as detailed in Chapter 2, Sect. 2.6. The spatial pattem of these

circulation variables along with the spatial maps of AOD are used for the study.
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3.4 Comparison of MODIS derived AOD with ground
measurements
AOD data obtained from AERONET station at Kanpur and that from Microtops

P

t

measurements conducted at Kharagpur are used to examine the accuracy of MODIS data.

The daily mean AOD at 0.55 um from MODIS over a grid size of 1° x 1° around the two

locations are first adjusted (or normalized) to the wavelengths corresponding to the ground

measurements. The spectral AOD values from MODIS at wavelengths 0.47, 0.55 and 0.66

pm are used to derive the angstrom exponent (on) by performing a least square fit between

the logarithms of spectral AODs and wavelengths (Eqn.l.26, Chapter l). Using this value

of (1, the MODIS derived AOD is nonnalized to the Microtops wavelength (at Kharagpur)

and the AERONET wavelength (at Kanpur) using the relation

T2: rl (K2/7t])'°‘ (3.1)
where 1| is the MODIS derived AOD at wavelength M (0.55 um) and 112 is the estimated

value of AOD at the desired wavelength X2 (1.02 pm for Kharagpur and 0.50 um for

Kanpur).

The normalized MODIS derived AOD values are then compared with the

corresponding ground measurements. Figures 3.2(a) and (b) show respectively the time

series of MODIS derived AOD adjusted to appropriate wavelengths along with Microtops

measurements at Kharagpur and with the AERONET measurements at Kanpur. The

MODIS derived AOD agree fairly well with the ground measurements at both these

locations. The corresponding linear correlation coefficients estimated for these two data sets

are 0.94 and 0.90 respectively, which are significant at p<0.0l [F isher, 1970]. It is also seen

that on an average MODIS has overestimated AOD at Kharagpur by 0.03 and

underestimated at Kanpur by 0.12 with respect to the ground measurements. These

deviations are respectively ~ 4% and ~l7% of the mean AOD at these two places during the

study period and are well within the uncertainties associated with MODIS retrieval [Remer

etal., 2005].

It would be interesting in this context to note that T riparhi et al., [2005] reported a

detailed comparison of AERONET measurements with MODIS derived Level 2 AOD at

Kanpur which in general showed a good agreement between the two with a correlation of
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0.71 and mean absolute difference around 0.12. Results of the present inter-comparison

matches well with that reported by T ripathi et al.[2005].
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3.5 Aerosol distribution and synoptic circulation over the
Ganga Basin

The MODIS derived AOD and the fine mode fraction (F MF) averaged for the LC-II

period are presented in the F ig.3.3(a) and (b) respectively. Figure 3.3(a) clearly shows high

aerosol loading over the Ganga Basin during the campaign period. It may also be noted

that the FMF exceeds 0.6 in most of the regions along the plain. Increase in fine mode

fraction is an indicator for increased contribution from anthropogenic sources. While the
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eastern part of the subcontinent up to the tip of the peninsula is dominated by submicron

particles (large FMF values), the westem part is dominated by large size particles (low

F MF values).

AOD FMFaoeu 1 10.8 0.8
20 °N 05 20 °N 0.6

0.4

100" . . _ . . . . . . . , . .Ar
0.2

(8) E i 0 lb) i § 09- ~ i AOD 0-» r ~ FMF70°E 80°E 90°E 70°E 80°E 90°E
Fig.3.3. Mean spatial distribution of MODIS derived AOD at 0.55 pm (a) and FMF (b)
for December, 2004.

The AOD distributions during the campaign period shows pronounced spatial

heterogeneities which vary from day-to-day. This probably can be attributed to the diversity

in the aerosol generation mechanisms as well as to the changes in the prevailing

meteorological conditions affecting the dispersal of aerosols. Aerosol particles are lifted up

in the air and carried over long distances by wind. During this process, particles can get

accumulated at a particular location or disperse fast depending on the convergence of wind

and the atmospheric pressure pattem over the region. Figure 3.4(a) - (c) show the mean

wind field, wind convergence and vorticity at 925 hPa over the study domain during the

campaign period.

Since the horizontal wind speed over the Ganga Basin near the surface, as

seen from F ig.3.4, is very low (~ 2 ms") the possibility of wind generated dust (dust storm)

rising up in the atmosphere is far remote. At the same time, a moderate convergence in

winds and a slight positive vorticity prevailing in this region is conducive for the particles

to get trapped. Over and above, the low wind conditions help the aerosols to remain in this

region undispersed.
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F ig.3.4. Mean spatial distribution of wind speed at 925 hPa (a) wind convergence at 925
hPa (b) and vorticity at 925 hPa (c) for December, 2004 derived from NCEP data.

Note that, the AOD can also be affected by changes in relative humidity (RH)
especially when it crosses 70% (see Chapter 2, Sect.2.6). To study the effect of humidity,

the altitude profile of RH in this region is examined. Figure 3.5 shows the mean profile of

RH over the study domain for the campaign period. As the mean values of RH are well

300 ¢ ~ 10.8400 ta 1 8.2

Atltude (hPa)

§ § §

N 9° 1'" PQ I0 O N
App. Atitude (km)

soo ‘K I ' 0.91000 +—-L4 0
510152025303540456055

_ Relative Humidity (%)
F ig.3.5 . Altitude profile of mean Relative humidity profile derived fi'om NCEP during the
LC-II averaged over the study domain, along with the standard deviations. Note that the
altitude scale on the left axis is shown in pressure levels and the corresponding
approximate values in km are shown on the right axis.
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below 50% (considering the standard deviations), there is hardly any possibility for it

influencing the day-to-day variations of AOD.

3.6 Day-to-day variability in AOD over the Ganga Basin
during the campaign

Temporal variation of the mean AOD over the study domain during the campaign

period is shown in Fig.3.6. It can be seen that the AOD exhibit oscillations with a

periodicity of ~ 4 to 8 days. The amplitude of these oscillations increases significantly in

the second half of December, 2004.

After an initial decrease from 0.49 to 0.32 in the first four days, the AOD shows two

discernible oscillations during December 5 to 13, 2004. The amplitudes of these oscillations

are relatively small compared to those occurred during the second half of December. After

December 13, the AOD increases steadily reaching a peak value ~ 0.97 on December 19

followed by a sudden decrease to ~ 0.35 on December 22 and a sharp increase to ~ 0.99 on

the very next day. On many of the days in which AOD show high values, fog conditions

prevailed in different parts of the Ganga Basin [Tripathi er al., 2006; Nair ez‘ al., 2009].

it ,l l ill if
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Fig.3. 6. Daily variation of mean MODIS AOD (0.55 ,um) over the study domain during
LC-H

lt can be seen from Fig.3.2(a) and (b) that the time variations of AOD at Kharagpur

and Kanpur do not match well with each other. This indicates that the high and low AOD

conditions do not cover the whole Ganga Basin on the same day. They appear and

disappear in these two places at different times. This clearly shows the heterogeneity in
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aerosol transport in this region. This aspect is further examined in detail by studying the

day-to-day variations in the spatial distribution of AOD over the Ganga Basin using the
MODIS data

A detailed investigation on the daily variations of the spatial distribution of AOD

over the IGP reveals the appearance of localized clusters of high AOD, some of which

moving along the plain and growing in size, while others get weakened after an initial

growth. The life span of these aerosol clusters varies from a few days to a week. These are

illustrated in the sequence of AOD images presented for a few days in Fig.3.7.

AOD
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Fig.3.7. Daily distribution of MODIS derived AOD over the Indian region on the days,
December 2, 6,10, 13, I4, 15, 19, 23 and 28 of 2004.
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It can be seen that even though the aerosol loading is generally high over IGP, there

are marked variations in their distribution and concentration on different days. On

December, 02 the AOD is high all along IGP especially towards its westem end. Then after

a few days, on December 06 the aerosol loading is found to be low over the entire region

except over some small localized regions along the valley. On December l0 again the

aerosol spreads and the loading increases. During the three consecutive days from

December 13 to 15 a cluster of high AOD moves from the western end to the eastern end

along the IGP. The intensification of the aerosol cluster observed during this period

continues till December 19 to reach its peak followed by a slight decrease. After this the

AOD values again start increasing till December 23 and weakens thereafter reaching low

values towards the end of the campaign.

3.7 Role of dynamics on the day-to-day variations of AOD
Day-to-day variations of AOD over IGP are examined in tenns of the prevailing

features of circulation. The wind speed at 925 hPa [Fig.3.4 (a)] and at 1000 hPa levels over

IGP are fairly uniform and generally less than 4ms‘I. No pronounced spatial gradient is

observable in wind speed. But the spatial pattern of wind convergence shows significant

day-to-day variability.

The wind convergences at 925 hPa level on the days in which the AOD distributions

are shown in Fig.3.? are displayed in Fig.3.8. A pronounced variation in the location as well

as in the intensity of convergences along the IGP is observable on different days. It is also

interesting to note that the positions of strong convergence generally coincide with the

locations of high AOD. This indicates that strong wind convergence favours accumulation

of aerosols. As seen from these figures, the temporal variation of convergence matches well

with the evolution of AOD distribution. For example, the high wind convergence observed

at the westem end of IGP on December 02, 2004 decreases on subsequent days.

Correspondingly, the cluster of high AOD localized in this region (Fig.3.?) also decreases.

Similar changes are observable on other days also. But on some days, the magnitude of

increase in AOD can be more than that expected from the increase in convergence. Such a

feature is observed on December 23. Note that the amount of mismatch is more than the

uncertainty (i0.l5r i 0.05) in MODIS derived AOD. That is, the high AOD and high

convergence do not match exactly in all the cases though there is an overall correspondence

between the two. This is expected since the change in AOD can be exclusively attributed to
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the change in convergence only in the absence of localized aerosol sources. The amount of

mismatch between the convergence and AOD could be an indicator of the presence of

aerosol sources/sinks
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Fig.3. 8. Daily distribution of wind convergence at 925 hPa derived fi'om NCEP over the
Indian region on the days, December 2,6,10, 13, 14, 15, I9, 23 and 28 of 2004.

3.8 Estimation of net aerosol source strength
As the aerosol properties at a location is not only influenced by the local source

characteristics but also by the dynamics of wind field, any realistic description of aerosol

distribution should be accounted through the flux continuity equation with a SOl1l‘C€/Slflk
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term (representing aerosol generation/loss) [Chapter 2, Eq.(2.26)]. By introducing the

spatial distribution of AOD from satellites and wind field from an appropriate atmospheric

circulation model into the continuity equation, locations of major aerosol sources (and

sinks) can be identified and their strengths can be quantified.

For the above analysis, daily values of AOD fiom MODIS and daily mean wind

field at seven pressure levels (from l000 to 400 hPa) from NCEP reanalysis in the study

domain (20°-27.5°N, 75°-87.5°E) are incorporated into the continuity equation (see Chapter

2, Sect.2.7) ,='° "° (3.2)
%+  Bu dz] +  Bv dz] = S(x,y,t)

where r is the AOD, B is the extinction coefficient, u and v are the zonal (x) and meridional

(y) components of wind, 2 is the altitude and t is the time (in days for the present case).

In order to estimate the gradient terms in Eq.(3.2) for the edge pixels in the study

domain, an outer domain l7.5°-30°N, 72.5°-90°E is selected as background. Since the

spatial resolution of NCEP data is 2.5°>< 2.5°, MODIS data is also degraded from its 1° >< 1°

to this grid size. It should be noted that as MODIS employs different algorithms for the

retrieval of AOD over the land and over the ocean, the coastal pixels will be affected by the

edge effect at the land-ocean interface [Kaufman er al., 1997a; 1997b]. To avoid any

artifact arising out of this, entering into the source estimation, all the coastline pixels are

excluded from this analysis.

Aerosol flux vectors for a pixel at different pressure levels are represented in terms

of the product of aerosol extinction at that altitude (defined by a prescribed vertical

distribution) in that pixel and the mean of the winds at the four corners of the pixel. More

details on the computations of Eq.(3.2) are presented in Chapter 2, Sect.2.7. Flux

computations require the altitude variation of aerosol extinction in the lower troposphere

the contribution from which is significant for the columnar AOD. A close examination of

altitude profiles of aerosol backscatter in the first few kilometres obtained using lidar at

Kharagpur during the campaign period [Niranjan er al., 2006] showed decreasing aerosol

extinction with increasing height with maximum contribution from 1.5 to 2 km. Hence, the
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aerosol extinction profile is modelled by an exponentially decreasing function of altitude in

the form,

a= so exp  (3.3)
where B0 (= 1/I-Ia) is the extinction coefficient at the ground and Ha is the aerosol scale

height parameter. On the basis of lidar observation at Kharagpur [Niranjan et al, 2006] a

value of 2 km is found reasonable for H, which is adopted for the present computation.

The RHS of Eq.(3.2) represents the net rate of aerosol generation in terms of AOD

change per day at every pixel. By incorporating the daily AOD data from MODIS and

winds from NCEP reanalysis, the source strength, S is estimated for the campaign period

over the study region. Note that a positive value of S indicates the dominance of aerosol

generation (or production) and a negative value, the dominance of aerosol loss.

3.9 Estimation of aerosol source strength (aerosol production
rate) and its spatial distribution over the Ganga basin

Aerosol source strength over the study domain is estimated for all the days of LC-II

using the aerosol continuity equation. lts average over the campaign period is shown in

Fig.3.9. In this figure, the blank pixels in the north eastem portion of the study domain

results from the masking of data in the original MODIS derived AOD over the highly

reflecting Himalayan snow regions. In the south eastem part, the blank pixels are due to the
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Fig.3. 9. Mean source strength distribution over the study domain for December, 2004
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tclusion of data over the coastal pixels in the computations. In the remaining part of the

omain, one can see that the positive values are located over the west of centre-north, the

rastem end and the south western corner. The central region however, shows negative

values indicating aerosol loss. The uncertainty in the source strength due to the standard

deviation in MODIS AOD (~l 5%) and the uncertainty in aerosol scale height (~25% or 0.5

km) is ~3 0%.

3.10 Estimation of the actual source strength incorporating
the loss term 
As stated above, the tenn ‘S’ on the right hand side of Eq.(3.2) represents net

source, that is, the resultant aerosol production over aerosol loss through various removal

mechanisms such as dry/wet deposition, impaction, sedimentation, diffusion, etc. By

modeling these loss processes and compensating them with an appropriate sink term a more

realistic estimate of the actual aerosol production rate can be accomplished. As there was

no precipitation and pronounced meteorological events during the campaign period in the

study region, one can assume a more-or- less steady loss of aerosols, the rate of which

depends on the prevailing aerosol concentration. This loss can be represented as an

exponential decrease in 1 with time, in terms of the mean residence time of aerosols in the

lower troposphere. In the absence of any source for aerosol production and transport from

adjacent regions, the AOD at a given location should decrease depending on the residence

time alone. One can then write

T(X>yJ) = To (my) @XP(-I/D) (3-4)

where to (x, y) is the value of AOD at the location (x, y) at t=0 and T (x, y, t) is the value of

AOD at time t and D is the residence time of aerosols. This yields the time rate of change of

AOD as

51

5=t0(—l/D)exp(—t/D)=—'E/D (3.5)
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Eq.(3.5) represents the rate of decrease of 1 (because of the removal processes) in

the absence of sources and horizontal transport. Now to describe the general situation which

includes horizontal transport as well as aerosol production, the appropriate terms for aerosol

flux convergence (negative of divergence) also are to be added. In such a case Eq.(3.5) will

be modified as

5'! 6 0° _ 5 0°
5?:-%—g;':6[ BU  BV dZ]+Q(X,y,I)

where ‘II /D represents the absolute value of aerosol loss (which is a function of x,y and t)

and Q(x,y,t) is the rate of aerosol production after compensating for the aerosol loss

processes. By rearranging the terms in Eq.(3.6) it becomes a modified continuity equation

%+%+§;Haudz]+%hav<1z]=Q(><,y,¢) (3-7)
Note that if Q is positive it is an indication that the aerosol production is actually

dominating, which leads to an increase in AOD. But if it is negative, aerosol loss is more

dominating. By using a typical value of 2 days for the average residence time of aerosols in

the lower troposphere, Eq.(3.7) is used to estimate mean value of Q over the study domain

for the month of December 2004. This result is presented in Fig.3.l0. As can be seen, the

weak sources depicted in Fig.3.9 emerge out very prominently in this figure, as a result of

incorporating the loss processes in the flux continuity equation.

3.11. Results and discussion

The Ganga Basin is a densely populated region with abundant, industrial activities

and high bio-fuel consumption. To meet the energy demands for industries, this region

harbours a large number of coal fired thermal power plants. Out of ~ 80 thermal power

plants in India, about 40% of them are located in the Ganga Basin. The high ash content of

the Indian coal and its inefficient combustion in the plants make them a major source of

black carbon, nitrate and sulphate particles [http://envf0r.m'c.in/soer/2001/ind_air.pdfl

Reddy and Venkataraman, 2002; Prasad er al., 2006]. With this background, the location
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of thermal power plants and their association with high aerosol source strength are
examined in detail.

The modified source strength distribution averaged for the campaign period

superimposed with the locations of thermal power plants (represented by black dots) in and

arotmd study region is presented in Fig.3.10. The total uncertainty in the estimated source

strength arising from the standard deviation of MODIS AOD (~l5%), imcertainty in the

assumed aerosol residence time (half a day) [Jaenicke, 1980] and uncertainty in the aerosol

scale height (~ 0.5 km) [Niranjan, et al., 2006] is ~ 38%.

Source strength
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Fig.3.10. Mean source strength distribution over the study domain for December, 2004
after incorporating aerosol sink model. Black dots indicate the location of thermal power
plants.

It must be remembered however, that the estimated source strength could also have

contributions from effects like variations in relative humidity (RH) and coagulation of

particles. As RH over the study domain remained within 30 — 45% throughout the

campaign period (Fig. 3.5), any major effect of hygroscopic growth of aerosols and

consequent changes in AOD can be ruled out. In the case of coagulation, two or more small

particles stick together to form larger particle (Chapter 1, Sect.l.6.l). This leads to an

increase in the number of large particles at the expense of smaller ones. Taking this effect

into consideration, the computations [McCartney, 1976] with an aerosol size distribution

corresponding to a typical polluted urban area [Jaenicke, 1980] shows that the change in

AOD per day due to coagulation is 5 7.5%, near the major sources of aerosol in the study

domain.
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As is quite evident from Fig.3.l0, the locations of high aerosol source strength are

seen close to the regions where the thermal power plants are concentrated. The thennal

power plants, with an average emission of ~700 kg of soot and ~85 tons of SO; per day

from each plant (http://www.osc.edu/research/perm/emissions/therrnalemissions.shtml),

contribute substantially towards the anthropogenic aerosol load in this region. Fig. 3.10

shows a moderately strong aerosol source region in the south westem parts of the study

domain (shown in yellow colour) where the concentration of thermal power plants is small.

This could be due to the increased anthropogenic activities associated with the dense

population of this region (lying partly in Maharashtra and partly in Madhya Pradesh), which

is adding to the emission from the existing thermal plants.

A more quantitative comparison between the number of thermal power plants and

source strength is attempted by counting the number concentration of thermal power plants

within a circle of influence defined with a diameter 2.5° with its centre in the middle of the

each 2.5° >< 2.5° grid. Figure 3.11 shows the scatter plot between power plant concentration

and source strength, which gives a correlation coefficient, 0.85 supporting the earlier

suggestion that the thermal power plants is a significant source of aerosol production over

the Ganga basin.
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Fig.3.11. Scatter plot between the concentration of thermal power plants and aerosol
source strength over the study domain

Further, the level of environmental pollution could also be an index of the

particulate loading near the surface. Central Pollution Control Board (CPCB) is a statutory
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organization entrusted with the responsibility of controlling the environmental pollution

both in the air and water (and preventing when it exceeds the standard limits). In order to

assess the air quality and its trend, CPCB has set up monitoring stations at different

locations within the country. Measurements on RSPM (Respirable Suspended Particulate

Matter), NO; and SO; are performed regularly at these sites and the data is used for their

assessments. This data available for public use in the website http://www.cpcb.nic.in, is

used to check the inference of aerosol sources derived from the present analysis (Fig.3.l0).

Figure.3.l2 shows the spatial distribution of mean RSPM in the PM“) size range, and the

gases SO; and NO; (pollutants) within the study domain for December 2004 obtained from

the CPCB data. The data cover about 29 locations in and around the study domain where

regular monitoring was carried out (at least for more than 15 days). A perusal of this map

reveals a good correspondence between the distributions of RSPM concentration and the

source strength presented in Fig 3.10.
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F ig.3.12. Mean spatial distribution of RSPM, S0; and NO; obtained fi'0m CPCB data
over the study domain for December, 2004.

3.12. Summary
The main objective of this study is to investigate the generation and transport of

aerosols in a confined geographical location (20° - 27.5° N, 75°- 87.5°E) over the Ganga

Basin where the LC-II campaign was carried out dm'ing December, 2004. As a prelude,

MODIS data over the study period used in the present study, is compared with grotmd

measurements at two sites in the study domain. This shows a very good agreement between

the two. A close examination of the daily AOD distribution derived from MODIS and the

wind field at 925 hPa from NCEP reanalysis point towards wind convergence as a plausible

factor responsible for the accumulation of aerosols over the Ganga Basin. Incorporating
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ODIS derived AOD and the NCEP reanalysis wind field into the aerosol continuity

' uation, this analysis could reveal the locations where the aerosol sources are very

l minent. Further, by incorporating the aerosol loss model (with a residence time of 2

ldays) in the continuity equation, the sources become more distinct. A fairly good agreementI

tiobserved between the aerosol sources and the locations of the coal fired thermal power

(with a correlation of 0.85 between source strength and power plant concentration)

indicates that the power plants could be a major contributor to the increased aerosol loading

over the Ganga basin. The spatial distribution of RSPM, SO; and NO; obtained from CPCB

data also confirms this inference.
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llfnvestition on arosol transport over
South  Arabian  durin the

4.1 Introduction

The oceanic environment around the Indian peninsula is strongly influenced by the

intrusion of aerosols from the adjacent landmass through atmospheric circulation. Large

scale change in the synoptic circulation from winter (dry) to summer (monsoon) associated

with the changes in synoptic meteorology characteristic to this region show corresponding

variations in the physical properties and chemical composition of aerosols.

Systematic observation on aerosol properties over the Arabian Sea started since

1995 with regular monitoring of AOD over Minicoy island using MWR [Satheesh et al.,

2006a]. This was followed by ship borne observations as part of various satellite (IRS)

validation experiments and dedicated campaigns. A major oceanic expedition, Indian Ocean

Experiment (INDOEX) carried out in l998 and 1999, was effective in understanding the

spatial distribution of aerosols in this region and their impact on the radiative forcing

[Moorthy er al., 2001; Ramanarhan ct al., 2001; Quinn er al., 2002] of the earth

atrnosphere system. These observations which covered mostly the north-east monsoon

season showed for the first time, the large scale intrusion of continental (including

anthropogenic) aerosols into the pristine atmosphere of the equatorial central Arabian Sea.

Most of these aerosols were found to originate from the West Asia, north east Africa and
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jst/south east Asian regions. They are brought over to the equatorial Arabian Sea through

Lag range transport [Moorthy and Saha, 2000; Lelieveld er al., 2001; Ramanathan et al.,

E001; Li and Ramnathan, 2002; Ball er al., 2003; Vinoj and Satheesh, 2003].

_. The south eastern part of the Arabian Sea adjacent to the west coast of Peninsular

_lndia,.. called the South East Arabian Sea (SEAS) is of special interest as aerosol

poncentration (detected in terms of AOD) in this region is significantly high during the

Asian dry (pre-monsoon) period. Based on a comprehensive study using NOAA-AVHRR

data of the period 1996 to 2003, Rajeev et al., [2004] and Nair er al., [2005] showed that

the mean AOD over the SEAS, increases steadily from November to April. This was

attributed to the advection of aerosols from the Indian subcontinent and the arid regions of

Arabia through the lower troposphere. Aerosol observations during the pre-monsoon phase

of the second Arabian Sea Monsoon Experiment (ARMEX-ll) conducted in 2003 over the

SEAS provided further confirmation of this long-range transport of aerosols from Arabia

and West Asia to the Arabian Sea [Moorthy et al., 2005].

Prime objective of the present study is to understand the role of synoptic

meteorology and atmospheric circulation in governing the spatial distribution of aerosols in

the SEAS during the pre-monsoon phase of ARMEX -ll.

4.2 ARMEX -II

The ARMEX was a large scale field campaign dedicated to meteorological and

oceanographic observations coordinated by Department of Science and Technology (DST)

under the Indian Climate Research Programme (ICRP). The main focus of this experiment

was to understand the dynamics of monsoon genesis over the SEAS. It was carried out in

two parts. The first part of this campaign (ARMEX — I) was conducted in 2002 and the

second part (ARMEX — ll) in 2003, both around the south west monsoon season. ARMEX

II itself had two phases; one during the pre-monsoon period (referred as first phase)

intended for studying the warm pool phenomenon and the other (referred as second phase),

at the beginning of the monsoon, mainly for the study of convective systems over the

Arabian Sea [Ra0, 2005].

The first phase of ARMEX-ll was from March 14 to April 10, 2003 in which

aerosol measurements were conducted onboard Sagar Kanya (SKl90). The cruise track of

SK190 is shown in Fig.4.l. This cruise covered an oceanic area around 500 km >< 750 km,
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A tmd by 7.5° - l2.5°N and 70° - 77.5°E (referred hereafter as the ARMEX domain).

V 'ng this phase, the ship was stationed at around 9.2°N, 74.5°E (hereafter referred as

-ime Series Location, TSL) from March 23 to April 06, 2003 to facilitate time series

S servations on meteorological and aerosol parameters from a fixed position where the

(E-probability of occurrence-of warm pool (before the onset of summer monsoon) was

(considered to be highest. l‘ N  ' ffi I
14 ONL Arabian Sea __+1-uoa mum 5Mangalore i

1
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Fig.4. 1. Cruise track of Sagar Kanya during the first phase of A RMEX-H, SK I 90 (March
14 — April 10, 2003)

4.3 Data used for the study
Measurements on the spatial distribution of AOD and the size segregated mass

concentration of aerosols in the ambient air were made on board Sagar Kanya at an altitude

of about l0m above the sea level (over the deck). Spectral AOD was measured using a

hand held Microtops —ll sunphotometer (Solar Light Co.) at wavelengths 0.38, 0.50, 0.675

and 0.87 pm [Moorthy er aI., 2005]. Utmost care was taken to collect accurate data with

Microtops, following the guidelines laid down for its operation as detailed in Sect.2.3.3 of

Chapter 2. During the 28 days of the campaign, AOD could be measured on 24 days

(favoured by clear sky condition). The average values of AOD measured on each day is

assigned to the mean position of the ship on that day.

Size segregated aerosol mass concentration was measured using a Quartz Crystal

Microbalance (QCM) cascade impactor (model PC~2, California measurements Inc.) in 10
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successive size bins with 50% cut-off diameters at 25, 12.5, 6.4, 3.2, 1.6, 0.8, 0.4, 0.2, 0.1

and 0.05pm. The flow rate of this instrument was maintained at 240 ml min" and the

samplings were done at 5-8 min intervals, depending on the aerosol loading in the

atmosphere. In order to preserve the instrument calibration, the QCM was operated only

during the period when the atmosphericuelative humidity (RH)- was less than 78%. The

operation of QCM was interrupted whenever the wind speed relative to the ship decreased

below 4 ms" to prevent any contamination by stagnant particles from ship’s exhaust

[Moorthy et al., 2005].

Level 3 Collection 005 MODIS data on spectral AOD, fine mode fraction (FMF)

and aerosol mass concentration from Aqua and Terra at a particular location are optimally

combined to represent the daily mean aerosol properties at that location. The details of the

data and the procedure for combining Aqua and Terra data are described in Chapter 2,

Section 2.2.7. Wind field and RH at different atmospheric levels (1000 — 400 hPa) are

obtained from NCEP reanalysis.

4.4 Comparison of AOD and Angstrom exponent from
MODIS with cruise measurements

Among the seven MODIS spectral channels, the wavelengths 0.55, 0.66 and 0.865

pm are close to the Microtops wavelengths at 0.50, 0.675 and 0.87 pm respectively and lie

within this range. In order to make a realistic comparison of the AODs from the two

instruments, the Microtops measured AODs (rMic,ot0p,) are adjusted (or normalized) to the

nearest MODIS wavelengths [using Eq.(3.l) in Chapter 3] using the Angstrom exponent

(ot) derived from Microtops AODs at the wavelengths 0.50, 0.675 and 0.87 pm through a

logarithmic regression [Chapter 1, Eq.(l .27)]. Thus the Microtops measured AOD at 0.50 is

normalized to 0.55 pm, 0.675 to 0.66 pm and 0.87 to 0.865 pm.

Figure 4.2 shows a scatter plot of the Microtops measured AOD at 0.55pm (adjusted

from 0.50 pm) and MODIS retrieved AOD at 0.55 pm along with the corresponding

standard deviations. Daily average of Microtops measured AOD is taken along the

horizontal axis and the corresponding mean value of MODIS measured AOD over a grid

size of 1° >< 1° box which encompasses the mean position of ship on that day is taken along

the vertical axis. Horizontal and vertical bars represent the respective standard deviations. A

mean regression line established using these values is also shown in the figure. The
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Prelation and regression coefficients estimated for the three MODIS wavelengths are
k
)

hmarized in Tab1e.4.l.t , »e e e s - F; R=0ss; 0.8 #
Tmools = 1-1° tMicrotops_ 0-09 r §r'-' _

55 pm)
P
O‘!

1;;

lI
1.
ii~ ti

Aoom.
9 PJi OI

i

i-Q
1

. l
l1 ‘

MOD S

F’u
1_._

0.2 

0.1 l
l* ' '   4 ‘ ' ' ' '  ' ; :t.*‘._*:f.<'"r:*""‘* . Q ‘

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Microtops AOD [0.55 pm)

Fig.4.2. Scatter plot showing the comparison of MODIS derived daily mean AOD (at
0.55,um) with that from Microtops (at 0.55 pm adjusted from 0.50 pm). Horizontal bars
are the standard deviations of the Microtops measurements and the vertical bars are the
standard deviations of MODIS derived AOD. Correlation coeflicient and regression
relation are also shown in the figure.

The non-zero intercepts in the regressions result from an improper representation of

surface reflectance in the MODIS retrieval procedure while the deviation of slopes from

unity indicates a systematic bias arising mostly from instrument calibration error and/or

inappropriate choice of the aerosol model in the MODIS retrieval algorithm [Chu et al.,

2002; Remer et al., 2005; Tripathi et al., 2005]. The low scatter of points from the

regression line in Fig.4.2 as well as the high correlations in Table.4.1 for the three

wavelengths indicate good agreement of MODIS derived AOD with the ship bome
measurements.

The intercepts though small (less than 0.1), are negative in all the three cases. This

would imply a small over correction for the surface reflectance in this region in all the three

MODIS spectral channels [Misra et al., 2008]. For the values of ‘a’ in Table 4.1, MODIS

underestimates the AOD when it is low and over estimates when it is high. The cross over

occurs around 0.9, 0.12 and 0.17 (AOD values) respectively at wavelengths 0.55, 0.66 and

0.865 pm. For the measured range of AODs, MODIS underestimates the AOD at 0.55 um
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by 0.04, and overestimates at 0.66 pm and 0.865 pm by 0.05 and 0.04 respectively.

Because of this, the or derived from MODIS will be smaller than that estimated from the

spectral AOD measurements using Microtops.

Table 4.1. The correlation coeflicients and regression relations between MODIS derived
AOD and that from Microtops, at dflerent wavelengths.

3 Wavelength Correlation Coeff. i Regression relation 1M

1»
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Figure 4.3 shows a time series plot of the mean and the standard deviation of or

determined from MODIS (QMQDIQ) derived AODs at 0.55, 0.66 and 0.865 pm and those

estimated from the Microtops (U-Microwps) AODs at 0.50, 0.675 and 0.87 pm. It can be clearly
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Fig.4.3. Time series plot of the daily mean and standard deviation of Angstrom exponent
from MODIS derived AODs at 0. 55, 0. 66 and 0. 865 ,um wavelengths and those obtained
from Microtops measured AODs at 0.50, 0.6 75 and 0.87 pm wavelengths. The
correlation coeflicient and the regression relation are also shown in the figure. The
range marked with TSL denotes the period when the ship was stationary at the time series
location.
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seen that the daily variations of the two Angstrom exponents are more-or-less similar (with

a correlation coefficient 0.72), but c1MOD;3 is always less than aMicfO[OpS- On an average this

difference is ~ 0.37. The possibility of attributing this difference to the difference in the

spectral bands used in the two measurements is further examined by suitably interpolating

r.the Microtops measured AOD values to MODIS wavelengths. Accordingly, each individualy.

w.

l

I

EAOD measured by Microtops on a day (between 0.50 and 0.87 um) is normalized to the

lnearest wavelengths of MODIS (between 0.55 and 0.865 um) and the values of aMicr0[°ps are
l
I .
|'.

lire-estimated. The difference in values of aMic,0,ops reduced on an average only by ~ 0.07

%Wl1iCh is far short of the mean difference of ~ 0.37. This shows that the difference in on

between MODIS and Microtops must be due to the errors in the retrieval of AOD by

MODIS.

4.5 Comparison of mass concentration measurements
MODIS provides column integrated mass concentration derived from the optical

depth at 0.55 pm, FMF and the modelled extinction coefficients for small and large

particles [Remer er al., 2005]. This is used as a measure of aerosol mass loading at a

particular location. As the present campaign having the data on size segregated aerosol

mass concentration measured using the QCM, the agreement between the two is examined

in different size regimes.

A time series plot of MODIS derived columnar mass concentration along with the

surface mass concentration of coarse mode particles (size range 1.6 to 25 pm) measured by

QCM is shown in Fig.4.4. These two quantities show a significant positive correlation

(R = 0.81) indicating that the mass concentration provided by MODIS represents mostly the

mass loading of coarse size particles. This is quite expected since mass concentration in

most of the situations is decided by the larger size particles while the number concentration

is mainly detennined by the sub-micron size particles. Thus the MODIS measured column

integrated mass concentration over the ARMEX domain is mostly govemed by the coarse

particles near the surface.
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Fig.4.4. Comparison of MODIS derived integrated mass concentration with QCM
measured coarse mode mass concentration (along with standard deviations) during the
first phase of ARMEX-II along the cruise track. The time series during the T SL period is
marked in the figure.

4.6 Role of atmospheric circulation in the spatial
distribution of AOD

The mean ocean surface wind field from QuikSCAT over the Arabian Sea, during

the campaign period is shown in Fig.4.5. The mean wind variables such as convergence and

QulkSCAT surface vvlnds

1

0
ms"

E

F ig.4.5 Spatial distribution of QuikSCAT surface wind over the Arabian Sea averaged for
the first phase of ARMEX I1. The rectangular box shown in the figure is the ARMEX
domain.
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vorticity, at two altitudes (925 and 700 hPa levels) computed from NCEP winds, in the

geographical region, 5° - 30°N and 50° - 90°E are presented in Fig.4.6. The rectangular box

in these figures represents the ARMEX domain (7.5° - 12.5°N, 70° - 77.5°E) in the SEAS.

As can be noticed in F ig.4.5, the ocean surface wind is very low (< 4 ms") over the

ARMEX domain, but moderately high in the upwind region.

Convergence Vortlclty0 925 hPa 925 hPa
30 -20‘ 0.8. 0.4
10

700 hPa 700 hPa 0
-0.4

N.

-0.8. day‘10°
i  O '060.5 60'E 70.5 80.5 M'E 60.5 765 80 E WE

Fig.4. 6. Average spatial distribution of wind convergence at 925 hPa (a) wind
convergence at 700 hPa (b) vorticity at 925 hPa (c) and vorticity at 700 hPa (d) derived
fiom NCEP reanalysis winds during the first phase of ARMEX —II. The rectangular box
shown in the map is the ARMEX domain.

The high pressure (indicated by large negative vorticity) in Fig. 4.6(c) at the 925

hPa level prevailing in the north westem quarter of the Arabian Sea drives an anticyclonic

flow from the Arabian Desert. Attracted by the low pressure over the Indian peninsula

[indicated by a slight positive vorticity, in Fig.4.6(c)], this flow speeds up after traversing

through the northern Arabian sea and turns southward along the west coast and decelerates

as it reaches the southem end of the Indian Peninsula. The wind field at 925 hPa level also
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shows a fairly strong convergence at the south westem quarter of the Indian land mass

[Fig.4.6(a)] which intrudes into the ARMEX domain across the coastal boundary.

At the higher altitude (700 hPa level), the wind speed in general is relatively high.

The westerly flow originating (around 22° - 27°N) from Arabia, turns southward in the mid

Arabian Sea [Fig.4.6(c)] without reaching the SEAS. But the westerly winds from the

latitudes north of 27°N flow a long distance, tm'n southward near the eastem part of the

Indian subcontinent and sweep over the westem Bay of Bengal and reach the SEAS afier

crossing the southern part of the peninsula. The anticyclone at 925 hPa level over the

westem Arabian Sea is moved westward over to the Arabian land mass at 700 hPa.

Similarly, the anticyclone at 925 hPa over the Bay of Bengal has also shifted on to the

Indian peninsula at 700 hPa [Fig.4.6(c) and (d)]. The wind convergence which nearly

covered the entire Indian landmass in the lower altitude (925 hPa) is replaced by a

divergence at higher altitude (700 hPa) as seen in Fig.4.6(b).

Figure 4.7 shows the mean spatial distribution of AOD over the Arabian Sea for the

campaign period derived from daily MODIS Level 3 data. The high AOD in the north/north

AOD
0.8

25°N

0.520°N 0.4
0.3

15°N J
0.2

'3'" or sc‘l“"10°N o_1
0

AOD
55°E 80°E 05°E 70°E 76°E

Fig.4. 7. Mean spatial distribution of A OD from MODIS over the Arabian Sea during the
first phase of ARMEX-II. The rectangular box shown in the figure is the ARMEX domain.

westem Arabian Sea is mostly due to direct transport of dust by winds blowing from the

adjacent arid regions. This can occur even for low wind speeds (s 5 ms“) if it is in the

appropriate direction [McTainsh, 1980; d ’Almeida et al., 1991]. On the other hand, the
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increased AOD in the SEAS is mostly due to the accumulation of aerosols by the prevailing

convergence at lower altitude [Fig.4.6(a)]. Note that, an increase in aerosol mass

concentration near the surface reported in this region during the INDOEX was also mainly

attributed to wind convergence [Parameswaran et al., 2001] near the west coast. From the

wind pattern at 925 hPa [Fig.4.6(a) and (c)], the origin of these aerosols can be traced back

to arid regions of Arabia. Besides wind convergence, wind induced sea salt aerosols and

anthropogenic aerosols from the Indian west coast might also contribute to the high AOD

observed in this region.

Wind field at 700 hPa [Fig.4.6(b)] show the possibility of advection of aerosols

from the continental regions in north western and central parts of India, the Indo Gangetic

Plane as well as the east coast of Peninsular India towards the SEAS. However, the

contributions from these regions could rather be marginal because of the prevailing wind

divergence at this level over the SEAS, favouring dispersal of aerosols rather than

accumulation. Earlier studies by Moorthy et al., [2005] using HYSPLIT (Hybrid Single

Particle Lagrangian Integrated Trajectory) back trajectories also showed that over the

ARMEX site, the aerosols in the lower atmosphere (500 to l800m) are influenced by the

direct transport from West Asian regions, western India and west coast of India. On the

other hand, the aerosols at higher levels (above 1800 m) are advected from north west

India, central India and Bay of Bengal through long winding trajectories (spending 4 to 7

days). As the time taken for this advection is very large, the contribution by this transport to

the observed aerosol system will be relatively small.

As AOD can also be influenced by RH when it exceeds ~ 70% [Parameswaran,

1996] the effect of this also is to be considered for the analysis. Figure 4.8 shows the mean

NCEP vertical profile of RH over the ARMEX domain during the campaign. As seen from

this profile, the value of RH is mostly less than ~ 50% except at the lowest altitude where it

exceeds 70%. This shows that the RH induced growth of aerosols (hygroscopic growth)

could be marginally significant only at very low altitudes (near the surface) and almost

negligible above ~ 300 m.
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Fig. 4.8. Mean relative humidity fiom NCEP at diflerent atmospheric altitudes during the
first phase of ARMEX-II over the ARMEX domain, along with their standard deviations.
Note that the altitude scale on the lefl axis is shown in pressure levels and the
corresponding approximate values in km are shown on the right axis.

4.7 Temporal characteristics of AOD during ARMEX -II
Values of AOD at 0.55 pm from MODIS and Microtops (adjusted from 0.50 pm)

along with the FMF from MODIS at the mean positions of the ship on different days along

the ship track are shown in Fig.4.9. During the TSL period, the ship was stationary at0.9 ~e 0.9
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Fig.4.9. Time series plot of AOD fi'om Microtops and MODIS and FMF fiom MODIS
and their standard deviations, during the first phase of ARMEX-II campaign along the
cruise track. Time series during the T SL period is marked in the figure.
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9.2°N, 74.5°E. It can be seen that the temporal variation of FMF in general, is in opposite

phase with that of AOD. A fairly good agreement between the time sequence of FMF in

this figure and that of Angstrom exponent shown in Fig.4.3 is observable.

A close examination on the spatial distribution of AOD from MODIS over

the Arabian Sea reveals that most of the prominent variations recorded on the ship could be

associated with the southward migration of clusters of aerosols along the west coast of

peninsular India. This aspect is studied in detail by examining the time evolution of the

spatial pattern of MODIS derived AOD during the period when the AOD measured on the

ship showed pronounced day-to-day variations. Figure 4.10 shows the AOD distribution

from MODIS on some selected days between March 14 and April 06, 2003 when

significant AOD variations were observed on the ship. The location of the ship is indicated

by a star 39;’ symbol.

Mari March 20 March 23
(3)

AOD20°N 0.8
0.7

0.6
10 ‘N

0.5March 27 °~‘. 0.3
0.2

0.1

- 0
10°N

70 “E 80 “E 70 “E 80 “E 70 “E 80 “E
F ig.4.I 0. Spatial distribution of AOD from MODIS over the Arabian Sea on March 14
(a) March 20 (b) March 23 (c) March 27 (a9 April 02 (e) and April 06, 2003 (fi depicting
the movement of aerosol clusters along the west coast of India, during the first phase of
ARJMEX-II. ‘Star’ denotes the mean position of Sagar Kanya on the respective dates.
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The moderately high AOD seen in Fig.4.9, at the start of the cruise (from

Mangalore) on March l4 is due to the presence of a weak aerosol cluster in the vicinity of

the ship [Fig.4.I0(a)]. Subsequently, this cluster moves (southwards) away from the ship

and disperses in 4-5 days after reaching the southern end of the land mass. Associated with

this movement, the AOD measured on the ship reduces. and remains more or less low till

March 20. Meanwhile, another aerosol cluster that formed around ~ 17° N by March 20

[Fig.4.l0(b)] starts moving southwards parallel to the west coast to approach the ship which

was stationed at the TSL. During its movement the cluster also intensifies. As it nears the

ship by March 23 [Fig.4.l0(c)], the AOD on the ship starts increasing [Fig.4.9]. The AOD

on the ship reaches its peak value (> 0.8) on April 02 [Fig.4.9] when the cluster has almost

totally engulfed the ship [Fig.4.l0(e)]. On subsequent days, as the cluster moves out further,

the AOD on the ship decreases [Fig.4.9]. After reaching the tip of the Indian peninsula by

~ April 06 the cluster disperses [Fig.4.l0(f)]. Thus the time variation of AOD observed on

the ship is closely linked to the dynamics of the southward migrating aerosol clusters along

the west coast of Indian peninsula.

A striking feature in Fig.4.9 is the high values of AOD nearly synchronising with

the low values of F MF and on (Fig_4.3). This is possible only if the particles constituting the

aerosol plume are predominantly coarse mode, which is likely if the cluster consist of

mineral dust or sea-salt particles produced in the high wind regime near the north western

coast of India. Considering the wind speed dependence of sea salt production reported by

various authors [Blanchard and Woodcock, 1980; Moorthy and Satheesh, 2000; Smirnov et

aI., 2003; Satheesh et al., 2006b], its contribution to the observed high values of AOD

would not be substantial since sea surface winds over the Indian west coast on an average

are not strong enough [Fig.4.5]. This suggests that the cluster is mostly composed of

mineral dust originating from the arid parts of Arabia.

4.8 Influence of circulation and RH on the day-to-day
variation of AOD over the ARMEX domain

Motivated by the above observations, which showed a close association between

wind field and AOD variations, a detailed investigation is carried out to establish the role of

circulation parameters (wind speed and convergence) and RH on the observed variation of

AOD over the ARMEX region. For this, daily AOD values at 0.55 um from MODIS along
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with wind field and RH from NCEP reanalysis are utilized. The four parameters considered

for this exercise are

(1) Change in AOD per dayV|=r2-1:, (4.1)
where ‘E 2 correspondsto AOD in a pixel of the ARMEX domain on a given day and 1: 1

that on the previous day. In a pair of successive days, only those pixels for which data is

available on both the days are considered for computing V1.

(2) Horizontal surface (1000 hPa) wind speed

v2 = \/iu(l000hPa)]2 +[v(1O00hPa)]2 (4.2)

where u and v refer to meridional and zonal components of vector wind.

(3) Column integrated aerosol flux convergence

The accumulation of aerosols due to wind convergence is expressed through an

appropriate physical quantity - the convergence of aerosol flux which is the product of

aerosol concentration and wind. Column integrated aerosol flux convergence is defined by

V3 = ~Zj{§w(Z>u<z)1+ §;nz>v(z>1}dz <4.»
where z corresponds to altitude and zu is the upper limit of integration (equivalent to 400

hPa here) and B is the aerosol extinction coefficient (a measure of aerosol concentration)

related to MODIS derived AOD (I) as

B(1)= ;§;—@><p(- if (4-4)
where Ha is the aerosol scale height which governs the rate of decrease of B with altitude.

By varying Ha, the weightage given to the altitude extent for the influence of wind to the

aerosol flux can be varied. Larger the values of Ha, higher the altitude up to which the wind

would affect aerosol flux. For the present analysis, the value of Ha is varied from 0.5 to 4

km (0.5, 1, 2, 3 and 4 km).

104



Chapter 4

(I) Relative humidity

Since RH exceeds ~ 70% only in the lowest altitude (F ig.4.8), its value in this level

Ihlone is considered for the present analysis. It is therefore assumed that the RH at the higher

pltitudes does not cause any hygroscopic growth of the aerosols. This variable at 1000 hPa

is named as V4.

Making use of the above four variables, partial correlations of V1 with the other

variables (V2, V3 and V4) are estimated. Partial correlation is an index for the dependence

between the two parameter (say V1 and V2 as typical example) in the absence of any

influence from the other variables (V2 and V4 in the present case).

The partial correlation between the variables ‘a’ and ‘b’ is thus defined as [Spiegel

and Stephens, 2000; Gupta, 2005],

R —R .RRabicd : ab.d, _ac.d _ bc.d1 5
£1 _ R:c.d )0 _ R€c.d)

where each Rxy,z is the partial correlation between ‘x’ and ‘y’ in the absence of ‘z’ given by

Rxy*RxzRyzR.,.=    (4-6)
" 1[(1—Ri.>(1-R5.)

where Rxy, RXZ etc. represent the cross correlations between ‘x’ and ‘y’, ‘x’ and ‘z’, etc.

Since the NCEP reanalysis variables are available only at 2.5° x 2.5° resolution, the AOD

data from MODIS is degraded to this resolution. Details of aerosol flux convergence

computations incorporating AOD from MODIS (taking care of the blank pixels) and wind

field from NCEP-as well as the integration over the altitude required for the computation of

V3 [Eq.(4.3)] are detailed in Chapter 2 (Sect. 2.7.1). The quantities V1, V2, V3 and V4 are

averaged over the ARMEX domain (excluding the land and coastal pixels) for each day

during the campaign period (except for the first day for which V1 is not defined). Since the

physical mechanisms represented by V2, V; and V4 operate in a continuous manner, these

quantities are further averaged over the two days in each successive pair.
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54.8.1 Discussion of the results
>

i

l.

i WhCD thfi paflllfll COI'I'Cl3tlOI]S ofV1  V2, V3 and V4 (l.C, R1134, R1324 and R|4_23

mespectively) are computed for the TSL period during when the event of AOD enhancement

“linked with the passage of the aerosol cluster took place, both V3 and V4 show significant

correlation with V1. This shows that the AOD variation is significantlyinfluenced by wind

convergence and RH (near the surface). The estimated partial correlations for different

values of Ha during the TSL period are presented in Table. 4.2.

Table 4.2. Variation of partial correlation coeflicients R1234, R1324 and R1433 computed for
different aerosol scale heights during the T SL period over the ARMEX domain.

Scale height tPartial correlation : Partial correlation I Partial correlation 1;
l Ha(km) iwith surface wind ; with convergence with RH7  (R1234) ll (R1324) . (R1423)l, :21 1 ~&. , I X 31, 4- 5 _--5  5. %.1 ‘T

l

l3 0.5 < 0.1 0.55 0.271;:l it___. . W. _ .5 5 5 5§ 1 < 0.1  0.60 0.52= < 0.1 “ 0.04 " 0.40 1

-l>~(.»)l\)-K

< 0.1 1 0.49 0.20e  »~—-1—~——~~~* - - -—< 0.1 0.42 0.21
Among the three partial correlations, R1314 and R1433 are significant while the R1234

is totally insignificant. The values of R1324 and R1423 increase with increase in Ha and attain

maximum values, 0.69 (p < 0.02) and 0.52 (p < 0.1) respectively for H4 = lkm and

subsequently decreases with further increase in Ha.

Increase in the value of Ha, in effect includes the contribution of winds from higher

altitudes in the flux convergence calculation. The initial increase of R1334 with increase in

Ha indicates that convergence in winds close to the surface is inadequate for explaining the

observed modulation of AOD. At the same time, the decrease of R1324 for I-la above 1 km

indicates that the weightage of winds from higher altitudes (through convergence) is

unimportant as far as the AOD variations are concemed. Thus for an optimum value of Ha

~ 1 km, the winds in the altitude region above the surface up to around 1 km, in the form of

flux convergence, significantly influence the observed AOD variations. Figure 4.11 depicts
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the time series of AOD change per day and flux convergence over the domain for

H, = lkm. These two parameters show a fairly good correspondence during the TSL period.

0.25  ?  ? eeee    ?   — t 0.10fl 1%
--9- Rate of AOD change

0'20 i' --of-— Flux convergence  0,05

Rate of AOD change (day")
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g. 0Q
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Fig.4.11. Time series plot showing the rate of AOD change along with the flux
convergence computed for aerosol scale 1 km height averaged over the ARMEX domain,
during the first phase of ARMEX-11. Time series during the T SL period is marked in the
figure.

The partial correlation Rm; also shows an increase with increase in Ha from 0.5 to

1 km, which is followed by a decrease for further increase in I-Ia, exactly similar to the case

for R1314 shown in Table. 4.2. This can be attributed to the fact that the interference from

flux convergence on the partial correlation of AOD change with RH decreases as Ha

increases from 0.5 to l km and increases for further increase in Ha. This analysis shows that

the AOD variation is mainly influenced by flux convergence in the altitude region below

~ 1 km as well as RH near the surface.

The mean vertical wind over the ARMEX domain during the TSL period is

presented in Fig.4.l2. An important feature to be noticed in this figure is the change in the

vertical wind above 925 hPa. An updraft prevailing in the lower altitude changes to a

downdraft at levels above 925 hPa. This change in wind direction leads to confinement of

aerosols below ~l km.
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Fig.4.I2. Mean vertical wind from NCEP at diflerent atmospheric altitudes along with
the standard deviation, during the T SL period over the ARMEX domain. Note that the
altitude scale on the left axis is shown in pressure levels and the corresponding
approximate values in km are shown on the right axis.

The low value of R1134 in Table.4.2 indicates that the influence of local surface

wind in modulating the AOD over the ARMEX domain is insignificant. But the moderate

correlation of AOD with RH (R1423) is an indirect indicator for the presence of wind

generated hygroscopic marine aerosols over the ARMEX domain inspite of the prevailing

low surface wind speeds [Fig.4.5]. In order to investigate this feature, the wind field in the

vicinity of the ARMEX domain is examined in detail.

A perusal of F ig.4.5 reveals a region of relatively high wind speed in the upwind

direction (north/north west of the ARMEX domain). The surface wind in this region is high

particularly during the TSL period. Figure 4.13 shows the distribution of QuikSCAT winds

averaged over the period, March 29 — April 01, 2003, when the wind speeds over the

eastem Arabian Sea reached it peak value of ~ 7 - 8 ms". These high wind speeds are

conducive for the production of sea-salt aerosols. This in situ generated sea-salt aerosols are

further transported in the downwind direction by the prevailing wind. This aspect is

investigated in detail by considering a zone, 12.5° - 20°N and 67.5° - 75°E over the high

wind region (indicated by the purple border box in Fig.4.l3). The correlation between the

surface wind speed at this location with the AOD over the ARMEX domain is calculated

for different time lags. The time sequences of QuikSCAT wind speed (in the purple box)
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and the AODs averaged over the ARMEX domain (black box) are presented in Fig.4.l4. It

can be seen that the correlation attains a maximum value ~ 0.66 corresponding to a time lag

of two days.

QulkSCAT surface wlnds

F ig.4.13. QuilcSCAT surface winds averaged for the period March 29 — April 01, 2003
during the T SL period The purple border box encloses the high wind speed region in the

8
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0
ms"

upwind direction fiom the ARMEX domain indicated by black border box.

Now, considering the mean wind speed of 4.5 ms" observed over the high wind
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region during the TSL period, the time required for an aerosol cluster to travel from the

0.7 -0- AOD
-0- Wind speed 0 6 . '

0.5

' § rsr
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0.1
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F ig.4.1 4. Time sequence of MODIS derived AOD averaged over the ARMEX domain and
wind speed averaged over the high wind speed region in the upwind direction. Time
series during the TSL period is marked in the figure.
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location of high wind speed (middle of the purple bordered box in Fig.4.l3) to the ship’s

location (in TSL) is around two days. This indicates the possibility of marine aerosols

generated in the high wind region subsequently transported by the prevailing wind also

contributing to the observed AOD variations over the ARMEX domain. However, this

contribution to the observed AOD may not be substantial as the wind speed in the upwind

domain (purple box) is rather moderate.

4.9 Summary
A comparison of MODIS derived spectral AOD with the Microtops measurements

collected onboard the ship during the ARMEX-II campaign yields good agreement with

correlation coefficients 0.96 — 0.97 and mean deviations around 0.04. The Angstrom

exponents computed from the spectral AODs (of MODIS and Microtops) also shows a

good correlation of 0.72. This indicates that the MODIS derived AOD compares favourably

with direct measurements.

This chapter mainly deals with an investigation on the mechanism of aerosol

transport over the South East Arabian Sea (SEAS) during ARMEX-II period (March I4 

April 10, 2003) and the role played by wind field and relative humidity (RH) in the

observed AOD modulation at the Time Series Location (TSL). Studies on the spatial

distribution of AOD from MODIS during ARMEX-II reveals that the episodic

enhancement and decay of AOD observed over the study region during the TSL period

(March 23 to April 06, 2003) is caused by the southward migration of an intensifying

aerosol cluster along the west coast and its subsequent dispersal at the southern tip of the

Indian peninsula. The decrease of Angstrom exponent and fine mode fraction coinciding

with this event reveals that this aerosol cluster is dominated by coarse mode particles. The

prevailing wind system during the campaign period over the Indian land mass and the

adjoining oceanic region indicates that the most probable factor contributing the aerosols

within the cluster is the mineral dust transported from the arid regions of Arabia through the

lower altitude winds which converges over the SEAS. At the same time, transport at higher

altitudes seems unlikely, since these winds have to travel long distance through the central

India and the Bay of Bengal to reach the ARMEX domain, loosing considerable amount of

coarse mode aerosols on its way. Added to this, the presence of a divergence at the upper

level over the SEAS is not conducive for the accumulation of aerosols at higher altitudes.
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The influence of circulation variables (wind convergence and surface wind speed)

and relative humidity on the day-to-day variation of AOD over the ARMEX domain is

investigated further using NCEP reanalysis winds, RH and MODIS data. A partial

correlation analysis is employed to examine the influence of each of these parameters

(aerosol flux convergence, surface wind speed and surface RH which are treated as

independent variables) on the observed AOD variations (treated as the dependent variable).

When the entire period is considered; none of these variables shows any notable influence

on AOD variations. However, when the analysis is confined to the TSL period, while the

ship was stationary at ~ 9.2°N, 74.5°E, the observed time variation of AOD is found to be

significantly influenced by flux convergence at low altitudes (partial correlation, 0.69).

During this period, RH near the surface also appears to affect the AOD variation to some

extent (though not as strongly as the flux convergence), notwithstanding the fact that the

surface wind speed over the domain is rather small.

Even though the aerosol production due to local surface winds at the TSL is

negligible (because of very low wind speeds), relatively large wind speed over a domain in

the upwind direction is conducive for aerosol generation. The wind speed at this location

shows a good correlation (R=0.66) with AOD measured over the ARMEX domain with a

time lag of two days, showing the influence of transport dynamics. This, along with the

moderate partial correlation of AOD with RH indicates that, during the TSL period the

contribution of wind generated hygroscopic marine aerosols from the high wind area to the

total aerosol load over the ARMEX domain may not be insignificant. However, as the wind

speeds are rather moderate, this contribution is not substantial as far as the total AOD over

the ARMEX domain is concerned. The main contributor to the observed high AOD during

the TSL period, thus remains to be mineral dust originating from the arid regions of Arabia.

These factors along with the close correspondence between MODIS column mass

concentration and the QCM measured coarse mode mass concentration onboard the ship

suggests that the aerosol plume encountered during the TSL period, is mostly composed of

coarse mode mineral dust particles which is more or less confined to the lower atmospheric

altitudes (< l km).
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lnfluence of circulation parameters on aerosol,
distribution over  Bay of enl dfurin
the preamonsoon period:  (base ll)

5.1 Introduction

Surrounded by land mass with diverse natural and anthropogenic activities on all the

three sides, the Bay of Bengal (B0B) is a unique oceanic region conducive for studying the

intrusion of continental aerosols in to the pristine oceanic environment through various path

ways. The physical and chemical properties of aerosols and their abundance in this region

show significant variations with changes in meteorological conditions and seasonal changes

in the synoptic circulation [Satheesh er al., 2006a] over the continent.

Major efforts for aerosol studies over the BOB commenced with the ship cruise in

2001 which was followed by a few other short term campaigns in 2003 [Satheesh et al.,

2006a]. An aerosol observatory was set up in 2002 over the island location, at Port Blair

(l1.63°N, 92.7l° E), mainly to address the seasonal, annual, interannual and long term

variations in aerosol properties over the BOB and to identify the physical processes

responsible for these variations [Moorrhy er al., 2003]. These ground based observations

along with satellite measurements revealed strong anthropogenic influence on the aerosol

properties over this oceanic region [Sarheesh er 01., 2001; Moorthy er al., 2003;

Ramachandran and Jayaraman, 2003; Vinoj er al., 2004b]. Studies based on satellite data
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(NOAA and MODIS) showed that the influence of continental aerosols is maximum during

the pre-monsoon period [Nair et al., 2003; Satheesh er al., 2006a]. These studies fLu‘ther

revealed that the three major regions influencing the aerosol system over the B0B are the

central and east coast of India, China/East Asia and Arabia [Satheesh er al., 2006a].

In 2006, ISRO—GBP organized a major field experiment, ICARB (Integrated

Campaign for Aerosols, gases and Radiation Budget) in which simultaneous observations

on aerosols were carried out from the Indian land mass and the surrounding oceanic regions

including the BoB during the pre~monsoon season [Moorthy et al., 2008]. These

observations yielded a wealth of data that enables a detailed understanding of aerosol

properties and the influencing features of related transport dynamics.

5.2 Integrated Campaign for Aerosols, gases and Radiation
Budget (ICARB)

ICARB was an exhaustive field campaign ever carried out over the Indian region.

This included aerosol measurements over the Indian landmass using a network of ground

stations, ship cruises over the adjoining oceans and aircraft sorties in the lower atmosphere.

The main theme of the campaign was to investigate the spatio-temporal heterogeneity of

aerosols, influence of long-range transport and regional meteorology on aerosol properties,

the nature of aerosol vertical distribution and finally, the impact of aerosols on regional

radiative forcing [Moorthy er al., 2008]. The cruise measurements were made onboard

ORV Sagar Kanya, in two phases: the first phase over the B0B (SK223 A), from March 18

to April I2, 2006 and the second phase over the Arabian Sea (SK223 B) from April 18 to

May ll, 2006.

The work presented in this chapter deals with an investigation on the aerosol

transport mechanism as well as the role of atmospheric circulation in modulating the

aerosol properties over the B0B during the first phase of ICARB. An attempt is also made

to study the spatial distribution of aerosol source strength over the B0B using the flux

continuity equation. The geographical domain considered for this study is enclosed within

10°-22.5°N and 80°-95°E (referred hereafter as the study domain). The cruise track over the

BOB during the campaign (SK223 A) is presented in Fig.5.1
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Fig.5.]. Cruise track of SK223 A over the B0B from March 18 to April I2, 2006. Green
dots represent the position of the ship every 5:30 UT C. Dates are marked near the points
with suflix ‘M ’ for March and ‘A ' for April.

5.3 Data

Spectral AOD measurements were carried out onboard Sagar Kanya on all the days

using a Microtops sunphotometer (Solar Light Co.) at the wavelengths 0.34, 0.44, 0.50,

0.675 and 0.87 um from ~ 07:00 to 17:00 IST at ~ 20 minutes interval avoiding cloudy

conditions (Chapter 2, Sect.2.3).

The 1° >< 1° AOD and FMF data from Terra and Aqua satellites are optimally

averaged to obtain the daily mean values from MODIS (Chapter 2, Sect.2.2.7). The NCEP

reanalysis wind fields at seven pressure levels from 1000 to 400 hPa are used to examine

the prevailing aerosol transport mechanism. QuikSCAT data on ocean surface wind

(averaged over the descending and ascending passes) is used to assess the in situ production

of marine aerosols over the study domain.

For studying the influence of transport dynamics, a clear understanding on the

altitude distribution of aerosols is very crucial. The space bome Lidar onboard CALIPSO

(Cloud Aerosol Lidar and Infra-red Pathfmder Satellite Observations) provides the vertical

structure of aerosol extinction (Chapter 1, Sect.1.9.2.l7) at regular intervals. Being a

member of A-Train satellites, CALIPSO follows MODIS Aqua satellite in the same track

with a lag of ~ 2 minutes. As CALIPSO is operational only since mid-June 2006, a mean

aerosol extinction profile at 0.532 um is generated by averaging the extinction over the
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(study domain during the March - April period for the years 2007 and 2008. This profile is

iomialized with respect to the columnar AOD measured by MODIS at the same location,

for getting the information on the prevailing altitude structure of aerosols on a particular

day at the specific location. Details of this procedure are presented in Sect.5.8.2.

5.4 Comparison of AOD from MODIS with ship
measurements

Before examining the aerosol transport and the related dynamics over the BOB, the

quality of MODIS derived AOD over the study domain during the pre-monsoon period is

assessed by comparing it with ground-based direct measurements. The Level 3 daily AOD

(at 0.55 um) from MODIS at 1° >< 1° grids encompassing the cruise track are averaged to

derive the daily mean AOD corresponding to the mean position of the ship. A comparison

is carried out between this mean AOD (TM()D|$) and the daily mean ship borne Microtops

measurements (TMicf0[0p5). As the 0.55 pm channel is not available in Microtops, the AOD at

0.50 um is adjusted (or normalized) to 0.55 um using the Angstrom exponent [Chapter 3,

Eq.(3.l)] derived from the Microtops spectral AODs through a logarithmic regression.

Figure 5.2 shows a scatter plot between the two AOD measurements and their respective

standard deviations. This plot shows a very good agreement between the two AOD values.

A linear correlation established between the two yields a correlation coefficient of 0.85,

which is significant at p<0.0l level. The standard deviation between the two measurements

is 0.09. MODIS underestimates the AOD on an average, by 0.07. A least square fit of these

values yields a linear regression with slope 0.86 and intercept -0.03.

A similar comparison between Microtops AOD and that from Terra alone [Aloysius

er al., 2008] yielded a lower value for the intercept (-0.005) and a higher value for the slope

(0.98) with a standard deviation of 0.06 and a mean underestimate of 0.01 for MODIS

derived AOD. These values show that the agreement between the two AOD values is better

than that obtained by optimally combining the Aqua and Terra, discussed above. But since

optimally combined data has the advantage of maximum spatial coverage (necessary for

meeting the basic requirement for the study of transport dynamics) they (moms) are used

for the present study even though its agreement with the Microtops measurements is

marginally inferior.
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Fig.5.2. Scatter plot of A ODS from MODIS and Microtops (0.55 pm) and their standard
deviations. Correlation coeflicient and the regression relation are shown in the figure.

5.5 Circulation variables and spatial distribution of aerosols
over the BOB

A detailed investigation is carried out to study the AOD distribution over the BOB

and its contribution from fine (particle radius < 0.1 um) and coarse (particle radius > 0.1

pm) mode particles. The AOD due to fine mode particles are estimated by multiplying the

total AOD with the FMF. The difference between AOD and fine mode AOD gives the

coarse mode AOD. The spatial distribution of total AOD and fine mode and coarse mode

AODs (fmAOD and cmAOD respectively) during the first phase of ICARB over the BOB

are presented in Fig.5.3(a) and Fig.5.3(b) respectively. In order to highlight the contrast

between the three cases, a two times expanded colour scale is used for Fig.5.3(b).

During the study period, AOD data is available for 20-25 days over most of the B0B

region except in the south eastern corner (~5°-l2°N, 88°-95°E) where data is available for

only 10 to 20 days. The mean standard deviation of AOD presented in F ig.5.3(a) is ~10%.

Values of AOD in general, are large near the Head BoB and along the east coast of

peninsular India. The contribution of fine mode is much larger (~ 60 — 70%) than that of

coarse mode in most of the regions, except over the Head BOB where both the contributions
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are nearly equal. Large fraction of fine mode implies significant advection of

continental/anthropogenic particles from the adjoining continents.

(a) AOD
25°N

/‘--r”2O°N ,
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F ig.5.3(a). Mean spatial distribution of A OD over the BOB during the first phase 0f1CARB,
obtained from MODIS.
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F ig.5.3(b). Mean spatial distribution of fine mode AOD (finAOD) and coarse mode AOD
(cmA OD) over the B0B during the first phase of ICARB, obtained fiom MODIS.

High aerosol loading near the east coast of peninsular India during the winter and

pre-monsoon period and an increase in its encompassed area from November to April have

been reported in a few earlier studies based on satellite data [Nair et al., 2003; Aloysius et

al., 2006; Satheesh et al., 2006b; Parameswaran et al., 2008]. Ship-based campaigns have

also revealed large abundance of sub-micron particles over the BoB, compared to that over

the Arabian Sea and the Indian Ocean [Satheesh et al., 2001; Ramachandran and

Jayaraman, 2003; Vinoj et al., 2004b]. These observed aerosol features and temporal
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variations were attributed to seasonal changes in lower tropospheric circulation (without

much quantitative support).

In the present study, the QuikSCAT measured ocean surface wind and the NCEP

reanalysis wind at different altitudes are examined to delineate the influence of the wind

field on the spatial distribution of AOD over the BoB and its day-to-day variations during

the campaign period. Figure 5.4(a) shows the mean NCEP winds at 925 hPa level (~700 m)

over the Indian subcontinent and the surrounding oceanic regions during the campaign

period. Figure 5.4(b) shows the mean surface wind over the BOB derived from the

QuikSCAT data. The region enclosed by the rectangular box (10°-22.5°N, 80°-95°E) is the

study domain.

Wlnd fleld (925 hPa) Ocean Surface wlnds
(b)

30

29 N
20°\

10 °\

60 "E 70 °E 80 °E 90 “E 30 -5 90 =5
ms"0 1 2 3 4 5 B 7 8

F ig.5.4. Mean spatial distribution of wind field at 925 hPa over India and the
surrounding oceanic regions fiom NCEP reanalysis (a) and surface wind fiom
QuikSCAT over the BoB (b) during the first phase of ICARB. The area contained by the
rectangular box in both the figures is the study domain.

Being direct measurement, the QuikSCAT wind over the ocean, is superior to

NCEP reanalysis. As seen in Fig.5.4, over the Indian landmass the wind speed is rather

small, but near the east coast over the BoB, it is relatively high (~7ms") suggesting the

possibility of in situ generation of sea-salt aerosols. But, it is not high enough to cause an

increase in AOD over the entire region as much as what is observed. In this context it is

highly essential to look for other factors, which could be responsible for the increase in

AOD along the east coast and Head B0B.
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Figure 5.5 shows the vorticity and convergence estimated from the NCEP winds at

925 and 700 hPa levels. The low altitude vorticity [Fig. 5.5(a)] shows the presence of a

strong anticyclone over the north western Arabian Sea. The strong winds associated with

this anticyclone can inject particles from the Arabian deserts and from the arid regions in

the north westem parts of India over to northem and central India, which will be transported

V°F"°W Convergence925 hPa 925 hPa
30 °N

0.8

20 °N

0.4

10°N

0

700 hPa 700 hPa
30 °N

-0.4

20 °NI -o.a10-04 d°Y'
60°E 70°E 80“E M“ 60“E 70°E 80°E 90°E

Fig.5.5. Spatial distribution of vorticity at 925 hPa (a) convergence at 925 hPa (b)
vorticity at 700 hPa (c) and convergence at 700 hPa (d) averaged for the first phase of
ICARB.

further towards the eastern part of peninsular India. In this location attracted by the low

pressure the wind converges [Fig. 5.5(a) and (b)], leading to an accumulation of the

particles. However, the high pressure (anticyclone) and divergence prevailing over the BoB

[Fig.5.5(a) and (b)] prevent a direct entry of these particles over to the BoB. But the south

westerly winds along the regions of northern Andhra Pradesh and Orissa, where the
observed surface aerosol mass concentration is high [Niranjan et al., 2008], can carry

aerosols to the north western parts of the BoB.

The updrafts associated with the cyclonic circulation in the lower altitude in the

western and eastem parts of the Indo Gangetic Plain as well as the updrafis along the West

Asian regions [Fig.5.5(a)] can lift particles to higher altitudes. Subsequently the prevailing
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wind transport these aerosols over to the B0B through higher altitudes [Fig.5.5(c) and (d)].

The wind convergence in this altitude over the BoB [Fig.5.5(d)] and the anticyclone

extending from the peninsula [Fig.5.5(c)] favours the accumulation and downdraft of

aerosols in this location leading to subsidence and subsequent spreading along the east

coast by the low level divergence [Fig. 5.5(b)]. Thus, the circulation variables which drive,

accumulate and disperse aerosols appear to play a crucial role in determining the spatial

distribution of AOD over the BOB.

5.6 Aerosol transport over the B0B
Realizing the possibility of transport of aerosols from the Indian land mass to BOB

(as discussed in the previous section), an attempt is made to explore the finer details of the

associated mechanism. A vertical cross section of the atmosphere in a diagonal direction

from Central India through the Gangetic plain to the mid-B0B, as shown in F ig.5.6(a) and

(b), is considered for this analysis. The nature of the vertical wind and the strength of

horizontal convergence at different levels on this vertical plane are indicated respectively in

these two figures.

As stated, a major part of the horizontal advection of air from the continent to the

B0B is through higher altitudes. Figure 5.6(a) shows a subsidence (in vertical wind) from

higher altitudes and an updraft at lower altitudes over the land (marked by region A). This

leads to confinement of particles around 700 - 600 hPa level. The divergence at these

altitudes [Fig.5.5(d) and the region marked B in F ig.5.6(b)] and direction of the horizontal

winds guide these particles towards the ocean where the wind convergence [Fig.5.5(d) and

the region marked C in Fig.5.6(b)] traps them and are brought all the way down by the

subsidence [region marked D, in F ig.5.6(a)].

From the above and the discussions in Sect. 5.5, the aerosols transported to the BoB

appear to originate from West Asia, north westem andcentral India, and coastal areas of

central eastem India. The mechanisms responsible for the aerosol production in these

regions are dust storms, industrial emissions and biomass burning (as part of regional

agricultural activities during the pre-monsoon period) [Dey et al., 2004; Girolamo et a!.,

2004; Sing er al., 2004]. Thus, the aerosols over the B0B will be a mixture of fine and

coarse particles. However, the abundance of coarser particles will be relatively low as they

get lost during the long-range transport before reaching the B0B.
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Fig. 5. 6. Vertical cross section of vertical wind (a) and horizontal convergence (b) along a

400

OIOO
QOO

QNOIOOO

925

400

O30!OOOO

700

850

925

(

(b)

)

.\ \ ‘sI’ QO Q it's‘ ;> '0.\~ .5‘\ 'o's~ ,I‘\Q s ' I 0 \ I \ 0 . ~ \-8 Q‘? Q‘: Q‘! \’v ¢~- *p \ -‘ Q Q 8 0 Q 5- I ~0 5‘ O Q 0 \\ ,4 \ I Q ' \4 Q \ r \ 0 Q s$~ ‘LII’ ,' '4''P Q ¢' Q Q 4 \\ Q \¢ - Q I Q I Q . \so- 0 \-o .~o', Q‘ -’0 "Q s‘. "0 “' 3: -1 ‘5' .\ Q ‘\

Chapter 5

Vertical wind

1

l

Fn - O I"\ —“ ." Dfi '~Q I,‘’ C ' Q - ‘Q Q .- P Q Q ~.' 0 o \ \ 0 I s Q Q
Pas-1

‘<55 ~ $5 "Q9) ' . ._ ,n ‘H ‘Ia . ‘“¢g\u 9 $0 efi
Horizontal convergence

Q4' ‘Q_ _Q 5‘Q 0‘...\  \ Q.‘Q, \

0.6

*1Sf J\ ’.u \ ~ ~ ‘ '0'.‘s. ‘-0’ Q“ d 1Q J ‘Q.  95 ay
Q' f‘D \‘I P Q’ Q I’ ‘§N " ‘Its: ' at‘ Q0lo *'  ‘* $5L 7* * ' ‘ " o

%'”°r°49 '9 J X °° .o'~°°°\Q; 15 \»°

vertical cross section fiom Central India through the Gangetic plane to mid-BOB

121



Chapter 5

5.7 An episodic AOD event during the campaign
Figure 5.7 shows the spatial distribution of AOD over the B0B on five consecutive

days from March 21 — 25, 2006, when the spatial pattern exhibits a marked deviation from

the normal value. On March 21, the AOD over the entire region is rather moderate with a

highest value ~ 0.35, slightly off from the east coast of peninsular India. On the next day,

the AOD along the east coast, north of ~l6°N shows an increase, > 0.5. By March 23, this

develops into a large cluster of aerosols with high AOD values covering a significant

portion over the north western BoB. On March 24, this cluster further intensifies (with

AOD reaching as high as 0.7) and moves eastward detaching from the main land.

Subsequently on March 25, the cluster suddenly weakens. The value of AOD over the

entire northem BOB region decrease to the normal background level that prevailed before

the cluster event. This is a typical event in which a large cluster of aerosol is advected from

Indian subcontinent over to the BoB.

AOD25¢". . . . .. . .... ._ ...  . . , . . . ,
March 21 March 22 March 23 March 24 March 25,

20°N T

15°N

10°N

80 E 90 °E 80 °E 90 “E

AOD—
0 0.1 0.2 0.3 0.4 0.5 0.0 0.7

Fig.5. 7. Spatial distribution of A OD over the BoB during March 21 — 25, 2006 showing the
movement of an intense aerosol cluster flom India to the BoB.

To examine the nature of the particles in this cluster, the fme and coarse mode

components of the measured AOD are separated using the FMF from MODIS. These are

presented in F ig.5.8 for the five days from March 21 to March 25, 2006. As can be seen, the

fine mode AOD is significantly larger than the coarse mode within the cluster, indicating

that the cluster is mostly composed of particles in the sub-micron size range.
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(a) fmAOD25°N-—--—-i——

March 21/_,/.~ March 2:2/~ l March 2;!!! March 2§J | March 2§_/020°N

15°N

(b) cmAODp Q l | I Q 1 1 Q Q, ‘. - p > ‘ ./ ~r"‘ /LI“ /4»--"' /l-r"" ,-' --"2o~u / / 1 - -1 eI I /i d15°" * * ' “ *
10°N

are 907: 80°E 9075 80°E so?-'5 80°: 90?: 20-: so-5*A°°0 0.1 0.2 0.3 0.4 0.5
Fig.5.8. Spatial distribution of fine mode contribution to AOD (a) and coarse mode
contribution to AOD (b) for the days March 21 - 25, 2006.

5.7.1 Influence of transport dynamics on the aerosol
distribution over the BoB during the episode

The day-to-day variation of wind field and the associated features like convergence

and vorticity are examined in detail to understand the role of transport in the observed

evolution of the aerosol cluster during the episode. For this, the amount of in situ

component also has to be accounted in the observed AOD. The mean surface wind from

QuikSCAT during the episode, presented in F ig.5.9, shows that the maximum mean wind

speed in the east coast is ~ 5ms", which is too small to contribute anything substantially to

the measured AOD (through sea-salt production).
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Fig. 5. 9. QuikSCAT surface winds averaged for March 22 — 24, 2006.

While the wind near the surface remains more or less steady, at higher altitudes (at ~

700 hPa) it undergoes a significant change during this event. In fact, the event was mainly

triggered by these changes at higher levels. Figures 5.10 and 5.11 respectively show the

vorticity and convergence at 700 hPa over the Indian subcontinent and the adjoining

oceanic regions during the period, March 20 to 25, 2006. The anticyclonic circulation

positioned over the westem Arabian Sea prior to this episode, shifis eastwards and merges

with a weaker anticyclone over the land, intensifies and occupies almost the whole of the

central India by March 24 [Fig.5.l0]. Accordingly, the wind around this anticyclone

induces a strong flow of dust laden air from west Asia to the east coast. Along with this, the

convergence over the BoB [Fig.5.l 1], after an initial weakening, starts building up from

March 22, which gives rise to an aerosol cluster by gathering the dust particles and other

pollutants from the Indian landmass over the BoB at higher altitudes (700 hPa). On March

23 and 24, as this wind flow becomes stronger, the cluster intensifies and starts migrating

eastwards. But the sudden weakening of the convergence on March 25, causes the cluster to

disperse bringing down the AOD to its background level [F ig.5.7 and 5.8].

This epoch clearly shows the influence of transport dynamics in the formation,

movement and dispersal of aerosol clusters which leads to temporal changes in the spatial

distribution of aerosol loading.
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Vorticity (700 hPa)
30°N

20°N

10°N30°N _, *X \‘~.I/,-P ,0.o/'
\1~§"

20°N

10°N March 23 I March 24
501: 60°E70°E80"E90"E50°E 60"E70°E80"E90°E50"E 60°E70"E80°Ei970°El Bdwr‘-1.5 -1 -0.5 0 0.5 1 1.5

Fig.5.10. Mean distribution of wind vorticity at 700 hPa computed fi'om NCEP
reanalysis winds on diflerent days fi'om March 20 -25, 2006
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Fig. 5.11. Mean distribution of wind convergence at 700 hPa computed from NCEP
reanalysis winds on difiierent days from March 20 - 25, 2006.
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‘.8 Influence of wind convergence and vorticity on AOD
perturbation

I

l5.8.1 Estimation of aerosol flux convergence and flux vorticity
From the above, it is clear that the wind convergence, vorticity and vertical winds at

different altitudes are decisive in determining the variations of aerosol distribution over the

1BoB. This aspect is examined in detail through a quantitative comparison of the temporal

variations (day-to-day) of AOD with the corresponding variations in the wind parameters in

that region.

Since the temporal changes in aerosol concentration is governed not only by the

wind field but also by the ambient distribution of aerosols, aerosol flux convergence (fac)

and aerosol flux vorticity (fav) are considered as the appropriate circulation variables for this

study. These variables are respectively defined as,f,, =-v.(13v) (5.1)
and

f,, = -1Z.v><([3v) (5.2)
where V is the vector wind (obtained here from NCEP reanalysis) at a given atmospheric

altitude, ll is the unit vector in the vertical direction and B is the altitude dependent aerosol

extinction coefficient. To compute these parameters for different altitudes, the vertical

profile of B is essential. This is derived from CALIPSO data.

5.8.2 Aerosol extinction profile derived from CALIPSO

Since CALIPSO was not operational at the time of ICARB campaign, the aerosol

extinction profile is determined by averaging the CALIPSO measured day-time profiles

over the study domain during the pre-monsoon months March and April (which covers the

ICARB period) of the years 2007 and 2008. The basic data at 120 m vertical resolution is

appropriately averaged to get a mean value of B corresponding to the NCEP pressure levels.

These layer averaged extinction coefficients are further normalized by dividing the value at

each level by the column integrated extinction (i.e. for unit AOD) to generate a normalized
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fmean profile. This normalized profile of extinction coefficient along with standard

ideviation is shown in F i g.5.12 (the integral from top to bottom is unity).l. J4500i O\ t .51‘ .ii ‘\700$ 1-H T\\
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Fig. 5.12. Normalized mean vertical extinction profile of aerosols and the standard
deviations derived from CALIPSO day time passes for the months March and April of
2007 and 2008 over the BOB. Note that the altitude scale on the left axis is shown in
pressure levels and the corresponding approximate values in km are shown on the right
axis.

As can be seen from Fig.5.l2, the value of nonnalized aerosol extinction decreases

with increasing altitude. For computational purpose, this profile is modeled by an

exponentially decreasing function of altitude as

BN (z) = F1—exp( — Hi) (5.3)
where BX is the normalized extinction at any altitude and Ha is the scale height. The value

of Ha estimated through a least square fit of Eq.(5.3) to the observed profile (shown in

F ig.5.12) works out to be 3.3 km. This value is adopted to represent the fractional variation

of aerosol extinction with altitude. By multiplying this profile with the measured AOD from

MODIS, the altitude profile of extinction coefficient is obtained for each case.
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5.8.3 Association of AOD modulation with wind convergence and
vorticity

The day-to-day variation in AOD (61) [using Eq.(4.l), Chapter 4], the flux

convergence (fac) and flux vorticity (fay) at the different levels (from 1000 hPa to 400 hPa)

using Eq.(5.l) and (5.2) are estimated for each grid size 2.5° x 2.5°. Since the two physical

iprocesses operate continuously over the two successive days which are used to estimate 81,

they are averaged for those two days. The altitude profile of aerosol extinction required for

this computation is modelled using Eq.(5.3) with a scale height of 3.3 km along with

MODIS derived AOD as the multiplying factor.

A correlation analysis is then carried out between Sr and fac and fay at different

altitudes. The altitude variation of the correlation coefficients for both the parameters are

shown in Fig.5.13. lt can be seen that the correlation coefficients are low near the surface,

but increase with altitude reaching a maximum of 0.64 (p<0.0l) at 600 hPa for fac and 0.50

(p< 0.02) at 500 hPa level for fay.
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Fig.5.13. Altitude variation of coeflicients of correlation between daily AOD variations and
the variations influx convergence (black solid line) and flux vorticity (dotted line) over the
study domain during the first phase of I CARB. Note that the altitude scale on the left axis is
shown in pressure levels and the corresponding approximate values in km are shown on the
right axis.

Figure.5.l4(a) and (b) respectively shows the time series plots of the fac and fay for

those altitudes where the correlations are maximum, along with the daily AOD change.
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These figures clearly indicate that most of the variations in fac and fay at 500 - 600 hPa

levels matches well with the corresponding variations in Sr. However, it would be worth in

this context to note that the observed AOD variations need not entirely be due to changes in

circulation parameters at a particular level (500 — 600 hPa). Rather it would also be

influencedby.fluxes from other atmospheric levels too, even though their significance may

not be substantial [Fig.5.l3]. In addition to this, the AOD changes will also depend on the

strength of localized source (or sink) if they are present. Considering these factors the

observed correlation of 8": with fac and fay at higher levels can be treated as significant.~   0  0.014
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F t'g.5.I 4. Time series plot of A OD variation along with flux convergence at 600 hPa (a)
and flux vorticity at 5 O0 hPa (b) over the study domain during the first phase of1CARB.
The correlation coefficient corresponding to the linear regression between the AOD
variation and flux convergence and flux vorticity are shown in the figures.
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5.9 Contribution of in situ production on the observed AOD
From the above analysis it is quite evident that the advection of continental aerosols

plays a dominant role on the aerosol loading over the B0B. Additionally, aerosols are also

likely to be produced in situ from the sea surface (local source strength). This source

strength is estimated using"the"'flux continuity equation (Chapter 2, Sect. 2.7)

6 6 °° 6 °°
5%+5L|' Budz]+a—y[{)[ |3vdz]=S(x,y,t) (5_4)

where ii is the change in AOD (per day), B is the aerosol extinction coefficient, u and vt

are the zonal (x) and meridional (y) components of vector wind, 2 is the altitude, and S is

the net source strength which is the resultant of actual source and sink activities. The value

of [3 is assumed to vary exponentially with altitude according to Eq.(5.3).

The spatial distribution of estimated source strength averaged over the campaign

period is presented in Fig. 5.15(a). Source strength values are expressed in AOD change per

day. Positive values of S (~0.l) are seen along the east coast of peninsular India.

Considering an uncertainty of ~l0% associated with AOD, the estimated error for the

source strength is ~ 10%. Even after accounting this uncertainty, the positive values of

source strength yielded from Eq.(5.4) along the east coast is quite significant. This spatial

distribution of source strength also matches quite well with that of ocean surface wind

speed shown in Fig.5.4(b) (indicating that the source over the east coast is associated with

the wind induced sea-salt aerosols). The sea-salt AOD (1,5) is related to the wind speed (U)

through the relation [Moorthy et al., 1997; Moorthy and Satheesh, 2000; Vinoj and

Satheesh, 2003; Satheesh er al., 2006b]

rs, = to [exp (bSsU)- l] (5.5)
where to is the AOD at zero wind speed (indicating the background AOD) and bss is

the ‘wind index’. From a study carried out over the interior B0B (to minimize the influence

of continental aerosols) during the same period using the MODIS derived AOD at 0.55 um

and QuikSCAT surface winds, Aloysius et al., 2008 has reported the values of to and bss

respectively as 0.16 and 0.08. The rs, estimated with these values and QuikSCAT measured
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winds at 1° x 1° grid sizes, using Eq.(5.5) over the study domain is presented in Fig.5.l5(b).

It is quite interesting to note that the overall pattern of S in Fig. 5.15(a) and rs. in

Fig.5.l5(b) matche well with each other, supporting the accuracy of the estimation of S.
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Fig. 5.15. Spatial pattern of aerosol source strength estimated using aerosol flux
continuity equation (a) and in situ produced AOD fiom sea-salt, estimated based on
QuikSCAT surface wind speed (b) over the BOB during the first phase of ICARB

5.10 Summary
Mean spatial distribution of AOD over the B0B during the ICARB reveals

significant advection of continental aerosols over to the BoB and all along the east coast of

peninsular India. The relative contribution of fine particles to the total AOD is high over the

entire BoB except over the Head BoB where both fine and coarse particle contribution is

more or less equal. Relatively low values of QuikSCAT measured ocean surface wind in

this region shows that the possibility of in situ production contributing to the high values of

AOD is very small. An analysis of the aerosol transport dynamics using NCEP winds at

different altitudes brings out clearly the mechanism of aerosol advection to the BOB region.

Though the anticyclonic circulation prevailing in the lower altitudes (~ 925 hPa) prevent a

direct transport of aerosols from the interior Indian landmass across the coast, the winds at

higher altitudes (~ 700 hPa) accelerated by anticyclonic circulation over the Indian

subcontinent is conducive for the flow of aerosol particles to the BoB. The wind

convergence at higher altitude over the BoB favours the accumulation of these particles

which are subsequently brought down to lower altitudes by vertical downdraft. Strong
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updrafts over the central and eastern coastal India lift particles from the surface and coimect

them to the prevailing upper level westerly flow which takes these particles towards the

BOB. But, at lower altitudes, only those particles near the east coast of peninsular India are

advected over to the BOB. Thus both fine and coarse particles from the dust laden West

Asian regions, north western and central India, and coastal areas of central eastern India

contribute to the aerosol burden over the B0B through higher altitudes in the lower

troposphere (3 — 4 km).

A detailed analysis of the daily AOD over the BOB reveals an interesting event of

aerosol enhancement and decay during a period from March 22 — 25, 2006. This event is

triggered by the eastward shift of a higher altitude anticyclone over the north western

Arabian Sea, its intensification and subsequent merger with the weaker anticyclone over the

central Indian land mass. The winds associated with the anticyclone drive a strong flow of

dust laden air from west Asia and the pollution aerosols from the Indian land mass over to

the northern B0B, where they accumulate due to a short term strengthening of higher

altitude wind convergence leading to the formation of an aerosol cluster. This aerosol

cluster drifts eastwards and attains high values of AOD by March 24. But the sudden

weakening of the convergence (by the next day) causes the cluster to disperse bringing

down the AOD to veiy low values.

An estimation of the influence of circulation variables on the AOD over the BOB is

made by comparing the day-to-day AOD changes with the changes in flux convergence and

flux vorticity at different altitudes. The CALIPSO derived aerosol extinction profiles

averaged during the months of March and April in 2007 and 2008 is used for modeling the

aerosol altitude structure. lt reveals that on an average, the flux convergence at 600 hPa and

flux vorticity at 500 hPa are well correlated with the observed day-to-day variations in

AOD over the B0B. Mean aerosol source strength computed with the flux continuity

equation indicates the presence of aerosol source along the east coast of peninsular India,

mainly associated with the ocean surface winds (~ 7ms‘l on an average). However, the

contribution of this in situ production is very small compared to the observed AOD over the

BoB. This strongly suggests that the influence of aerosol advection is the prime governing

factor for the observed high AOD over the BOB during the pre-monsoon period.
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6.1 Introduction

Studies on aerosol distribution over the Arabian Sea have shown that advection of

particles from the Indian subcontinent is quite significant during the pre-monsoon period.

This is particularly true over the southern part of the Arabian Sea [Nair et al., 2008;

Parameswaran er al., 2008]. Long range transport of aerosols (mineral dust) from the arid

regions of Arabia, also contributes to the aerosol loading in this region (a typical example

of which is discussed in Chapter 4), even though this contribution is well pronounced

during the summer (south west) monsoon period. In contrast, the aerosol loading over the

northern Arabian Sea is mostly due to direct (short range) transport of aerosols from the

Arabian land mass [Nair et al., 2005; Parameswaran et al., 2008].

The main objective of the second phase of the ICARB (SK223 B) was to address the

aerosol properties over the Arabian Sea during the pre-monsoon period. While the

ARMEX-II campaign conducted during the pre-monsoon period of 2003 was focused

mostly on the aerosol distribution over a small geographical region (south eastern part) over

the Arabian Sea (Chapter 4), the study envisaged in the second phase of the ICARB was

more exhaustive and hence it covered almost the entire Arabian Sea spamiing over a region

9° - 22°N in latitude and 58° - 76°E in longitude extending over the period from April 18 to
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May ll, 2006. Figure.6.l shows the cruise track during this campaign. Simultaneous

observations using a variety of instruments were involved during this campaign.

30 °N

_,.._, IN DIA25 0N ../[K  ..\. L\‘M ‘\\_.-/I?20 ~u - r’ ‘M M ,9 29A 1°f” M GOAosm m 2915-N - . ‘30A 11 . 
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Fig.6.]. Cruise track of SK223 B over the Arabian Sea during the second phase of
ICARB (April 18 — May I1, 2006). Green dots denote the position of the ship every 5:30
UT C. Dates are marked near the points with suflix ‘A’ and ‘M’ representing the months
April and May respectively

While ship borne instruments made direct measurements of aerosols along the

cruise track, space bome remote sensors (satellite) monitored daily distribution of aerosols

over the Arabian Sea. In this chapter, a detailed study on the dynamics of aerosol transport

over the Arabian Sea during ICARB (April 18 — May ll, 2006) using MODIS derived

AOD data and NCEP reanalysis wind field is attempted. The temporal variation of the

spatial distribution of aerosols and its association with atmospheric circulation over this

oceanic region is examined on a day-to-day basis to delineate the influence of atmospheric

dynamics on aerosol features.

6.2 A comparison of MODIS derived AOD with cruise
measurements over the Arabian Sea

Before proceeding to a detailed analysis, as a prelude, the MODIS derived AOD over

the Arabian Sea is compared with direct measurements onboard SK223 B, using Microtops

sunphotometer. The Microtops measured AOD at 0.50 pm wavelength is normalized to

0.55 pm using the Angstrom exponent obtained through the regression analysis of the

spectral AOD measurements at the wavelengths 0.44, 0.50, 0.675 and 0.87 um (as detailed
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in Chapters 4 and 5). Figure 6.2 shows a time series plot of the AODs derived fiom MODIS

(optimally combined from Terra and Aqua) and Microtops at a common wavelength,

0.55 um. In this figure, the MODIS data shown are averages of the AOD measurements

over the grids traversed by the ship on each day and the corresponding standard deviations,

while the Microtops data are the daily mean of in situ measured AOD and its standard

deviations. As can be seen, the agreement between the two is quite satisfactory. A

correlation analysis performed between the two yields a value, 0.89 (p < 0.01) for the

coefiicient, with a root mean square difference of 0.06. The regression relation between the

MODIS and Microtops AODs is given in Fig.6.2. The MODIS derived AOD is slightly

underestimated, with an average bias < 0.01. Note that this is well within the uncertainty

limits reported by Remer et al. [2005] for MODIS.
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Fig. 6.2. Time series plot showing the comparison between daily AOD values at 0. 55 /an
derived fiom MODIS and Microtops. The correlation coeflicient and the linear
regression relation are shown in the figure.

It must be noted here that a similar inter-comparison was carried out during the

ARMEX-II period and the results are discussed in Chapter 4. That comparison however,

was performed over a smaller geographical region, while the present comparison covers a

wider geographical region over the Arabian Sea.
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6.3 Spatial distribution of AOD over the Arabian Sea during
the campaign

Mean spatial distribution of AOD and its contribution from fine mode and coarse

mode particles (fmAOD and cmAOD respectively) over the Arabian Sea during the

campaign are shown in Fig.6.3(a) and Fig.6.3(b) respectively. A distinct region where AOD

values are significantly high can be seen over the SEAS (South East Arabian Sea) along the

west coast of the Indian peninsula, notwithstanding for a small region of high AOD in the

northern Arabian Sea [Fig.6.3(a)]. Note that, this pattern compares fairly well with that

observed during the ARMEX-II period in the year 2003 [Chapter 4, Fig.4.7] except that the

area encompassed by the high AOD in the northern Arabian Sea was relatively large.

(a) AODso ~n 0-6
0.5

25 °N

0.4

0 “N2 0.315 ‘N 0.2
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0
AOD55°E 65°E 75°E

F ig. 6.3(a). Mean spatial distribution ofMOD1S derived AOD over the Arabian Sea during
the second phase of ICARB.

(bl fmAOD cmAOD M30 °N4 I 0.25
25 °N

0.22° °" ' 0.1515 °N ~
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F ig. 6.3 (b). Mean spatial distribution of fine mode AOD (finAOD) and coarse mode AOD
(cmA OD) derived from MODIS over the Arabian Sea during the second phase of ICARB
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Figure 6.3(b) shows that while the coarse particles are primarily responsible for the

high AOD over the northern Arabian Sea, the contribution from both fine and coarse

particles are nearly the same for the observed high over the SEAS. However, the westward

spread of AOD in the SEAS is more for the fine mode [Fig.6.3(b)]. More than 60% of the

total AOD in the Arabian coast as well as that over the northern parts of the Arabian Sea is

contributed by coarse particles (probably consisting of both mineral dust and sea-salt

particles). This reduces to ~ 50% over the SEAS region, where the aerosol loading is the

largest. On the other hand, over the mid Arabian Sea and the south westem parts where the

AOD is very low, fine particle contribution is as high as ~ 60 -70%. On an average, over the

Arabian Sea major contribution to the observed AOD comes from the coarse particles

(mostly of natural origin), which is ir1 contrast to the case observed over the BoB, where the

(anthropogenically produced) small size particles were dominating. The aerosol mass

concentration measured near the surface onboard the ship during the campaign also showed

a dominance of coarse mode particles [Nair et al., 2008].

6.4 Influence of circulation on the spatial distribution of
AOD

The role of sea surface wind in the spatial distribution of aerosols is examined using

QuikSCAT data. Figure 6.4 shows the mean ocean surface wind field during the campaign

period over the Arabian Sea. On an average, the wind speed over the Arabian Sea is larger

QuikSCAT surface wlndsso ~u 3__ 7
T'a_——k 6

5
20 °N

4

3

Z10°" 1
U

ms“50 ‘E 70 °E 30 °E
Fig. 6.4. Spatial distribution of QuikSCAT ocean surface winds averaged for the second
phase of ICARB.
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than that over the BoB during the first phase of the ICARB (Chapter 5, Fig.5.4). The wind

speed is moderately high particularly over the northern/north westem parts of the Arabian

Sea and near the southern tip of the Indian peninsula and is relatively low over its south

eastem and central parts. Because of this, the in situ production of sea-salt aerosols over the

Arabian Sea in general, would be relatively greater than that over the BOB.

Figure.6.5(a) and (b) shows the relevant circulation variables: convergence, vorticity

and vertical winds (from NCEP reanalysis) at two altitudes, 925 and 700 hPa levels over the

Arabian Sea averaged for the campaign period. Even though the general features are nearly

the same as that during the ARMEX-II (Fig.4.6), significant deviations are observable on

finer scales. The anticyclonic vorticity at 925 hPa in Fig 6.5(a) over the central Arabian Sea

Conv rgence(3) Q
30'N

20' N 0.8
0.4

925 hPa I 700 hPa
0

Vorticity30' Ni l
-0.4

2o‘ N

-0.8; d8Y'1
10' N

6O'E 7O'E 80.5 at * ,, E
F t'g.6.5(a). Mean spatial distribution of convergence and vorticity at 925 and 700 hPa
averaged during the second phase of ICARB.

supports a localized high pressure system, which is in agreement with the surface wind field

shown in F ig.6.4. Unlike a similar anticyclonic system causing the flow of dust particles

from Arabia southwards along the Indian west coast that prevailed over the Arabian Sea

during the ARMEX-II period [Figs 4.6(¢)], the wind pattem during ICARB is more
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favotnable for driving the particles directly into the north Indian landmass. The influence of

this can be observed in the spatial distribution of AOD [Fig.6.3(a)], with relatively small

values over the central Arabian Sea compared to that during the ARMEX-II [Fig.4.7]. High

value of AOD over the northern Arabian Sea is due to the advection of dust particles

directly from the Arabian land mass by the lower altitude winds. Over and above, the in situ

production of marine sea-salt particles by the moderately strong surface wind [Fig.6.4] is

also significant during the ICARB.

At higher altitudes, in the latitude range 25° - 30° N, the westerly winds from the

west Asia splits into two branches as it approaches the Indian subcontinent. While one

branch proceeds directly towards the northern and central parts of the Indian subcontinent

and takes a curved path over the peninsula to become north easterly as it crosses the

westem ghats to reach the south eastern parts of the land mass, the other branch turns

southwards at the northem Arabian Sea and changes to south westward flow along the

Arabian coast.
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Fig. 6. 5 (b). Mean spatial distribution of vertical wind at 925 and 700 hPa averaged during
the second phase of ICARB.

In the case of vertical winds [Fig.6.5(b)], an updraft is seen in the lower altitudes

over the northem and central parts of Indian subcontinent while it is downdrafi over the

Arabian Sea at high altitudes. This feature is favourable for uplifting aerosols from the

northern and central India to higher altitudes and the transport towards the central and

westem Arabian Sea, where the higher level convergence [F ig.6.5(a)] favours their

acctunulation and subsequent subsidence [Fig.6.5(b)] by the downdraft.

Over the SEAS, the observed high values of AOD can mainly be attributed to the

accumulation of aerosols by the low level wind convergence [Fig.6.5(a)]. Aerosols are

139



Chapter 6

brought to SEAS through westerly winds blowing from the northern parts of Arabian Sea

which turn north westerly in the west coast of peninsular India and flow southwards along

the industrialized regions. Accordingly, aerosols in this region which contains both coarse

and fine particles in nearly equal amount [Fig.6.3(b)] could be a mixture of dust from the

West Asia, in situ produced sea-salt, and particles of industrial efiluvia from the Indian

subcontinent. In contrast, over the central and south western Arabian Sea, as the upper level

wind is favourable for the transport of fine anthropogenic particles from the Indian land

mass [Fig. 6.5(a) and (b)], fine particles dominate the aerosol system [Fig. 6.3(b)] at this

location.

6.5 Variations in aerosol distribution during the campaign
The spatial pattern of AOD over the Arabian Sea, during the campaign period shows

a gradual but well defmed change on a day-to-day basis. To examine these variations the

whole campaign period is divided into two halves; the first half (F H) extending from April

18 to 30, 2006 and the second half (SH) extending from May 1 to ll, 2006. The

distributions of AOD as well as its fine and coarse mode contributions averaged for the two

halves are presented in Fig.6.6(a) and Fig.6.6(b) respectively.

A(a) OD30 0" _ 0.6
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F ig. 6. 6(a). Spatial distribution of A OD averaged during the first half (April18 to 3 0, 2006)
and second half (May I to 11, 2006) of the second phase of ICARB

A general increase in AOD is clearly observed in the SH with respect to the F H

especially, over the central and eastern Arabian Sea (between ~l0° - 20°N and 60° - 75°E)

and to a certain extent over the northem parts of the Arabian Sea along the Pakistan coast
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Arabian Sea during the first and second halves of the second phase of ICARB

[Fig. 6.6(a)]. The difference in the total AOD, and its fine mode and coarse mode

components between the two halves (SH minus F H) are presented in Fig.6.7. It can be seen

AOD fmAODso ~u ____._____.__]I (a) (b)
25°N

2o=u l

1s=u

1o=n

55 ‘E 05 °E T5 “E 55 ‘E 05 °E 75 “E 55 ‘E

-0.2 -0.1 0 0.1 0.2
F ig. 6. 7. Change in AOD (a) fine mode AOD (b) and coarse mode AOD (c) fiom first half
to second half of the second phase of ICARB
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that, over the central and eastern Arabian Sea, the increase in AOD is contributed mainly by

coarse particles even though the contribution from fine particles is not insignificant, but

over the northem Arabian Sea (close to the Pakistan coast) it is mostly governed by the

coarse mode particles.

To examine the transport dynamics responsible for these changes, the difference in

atmospheric circulation during the F H and SH are examined in detail. The mean surface

wind field obtained from QuikSCAT during the two halves are presented in Fig. 6.8. In the

northern Arabian Sea, while the wind field remains more-or-less the same in the two halves,

the wind speed close to the Pakistan coast shows an increase during the SH. The observed

increase in AOD (by ~ 0.1) in this region [Fig.6.7] during the SH can then be attributed to

the increase in mean wind speed over the sea surface. But in spite of a decrease in wind

speed in the west coast of India [Fig.6.8], the AOD shows an increase during SH [Fig.6.7].

This could only be attributed to a significant change in some features of the transport

dynamics. To investigate this aspect, the circulation features like convergence and vorticity

are examined in detail.

QulkSCAT surface wlnds
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Fig. 6. 8. Spatial distribution of ocean surface winds averaged during the first half (a) and
second half (b) of the second phase of ICARB

Figure 6.9(a) and (b) shows the spatial distribution of circulation variables

(convergence, vorticity and vertical wind) over the Arabian Sea computed from the NCEP
winds at 925 and 700 hPa. A notable difference can be seen in these variables between the

two halves. The centre of the anticyclonic circulation located in the mid Arabian Sea as

seen in the surface winds dm'ing the FH, shifts towards south west in the SH [Fig 6.8]. This

allows the coarse particles from the Arabia and the northern land masses to spread more
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westwards in the central and eastern Arabian Sea. Moreover, as the wind at lower altitudes

over the Arabian Sea show greater convergence at the eastem end dming the SH [Fig.

6.9(a)], the conditions are favourable for more accumulation of aerosols over this region.

(a) Convergence Vorticity
30 °N20 m “-8

0.4
1 0 °Nso °N   °

-0.420 °N i
-0.81° °N day‘1

60°E 70°E 80°E 60°E 7O°E 80°E 60°E 70°E 80°E
Fig. 6. 9(a). Spatial distribution of mean horizontal wind convergence at 925 and 700
hPa levels along with the vorticity at 700 hPa, during the first (FH) and second (SH)
halves of the second phase of ICARB

The updraft [Fig.6.9(b)] over the land mass, north and east of the Arabian Sea also

is stronger in the SH than that during the FH. This is favourable for the uplift of more

aerosols from continent to higher altitudes. In addition to this, the weak anticyclonic

circulation at the higher altitudes, over the Indian peninsula near the west coast also

strengthens during the SH [Fig.6.9(a)], which leads to increased influx of aerosols over to

the central Arabian Sea. The winds associated with this anticyclone and the northerly winds

from the southern Pakistan meet to form a region of wind convergence in the central (15° 

20° N in latitude and 60° -70° E in longitude) and south western Arabian Sea [Fig. 6.9(a)].

This favours an increased accumulation of particles from the continent over to the central

and south western Arabian Sea during the SH leading to the observed increase in AOD [Fig

6.7] at these regions.
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Fig. 6. 9(b). Spatial distribution of mean vertical wind at 925 hPa level during the first (FH)
and second (SH) halves of the second phase of ICARB

This analysis clearly shows that the difference in the spatial pattern of AOD from

the FH to SH is due to change in prevailing transport dynamics.

6.6 An observational evidence for the influence of transport
dynamics on the spatial distribution of AOD: Cluster
movement, a case study

An interesting episode, leading to the formation of a localized aerosol cluster over

the northern Arabian Sea and its southward drifl along the west coast of the Indian

peninsula due to the transport dynamical features during the study period is discussed in

this section. An aerosol cluster characterized by a localized peak in AOD (> 0.6) appears

near the Mumbai coast (l9°N, 73°E) on April 22, 2006. Subsequently it moves towards

south along the west coast of peninsular India with an average speed of ~ 200 kmday"

reaching the southern tip by ~ April 28 where, after remaining for nearly two days it finally

weakens and disperses. This event observed in the daily distribution of AOD from MODIS

could also be observed in the values of AOD measured onboard the ship, when the cluster

moved across the ship’s location. Figure 6.10 shows the spatial distribution of AOD on

different days from April 19 — 30, 2006 over the Arabian Sea. The gradual development of

the aerosol cluster, southward migration and the final decay is sequenced in this figure. The

location of the ship at 5:30 UTC on each day is shown by a star (‘A’) mark in these figures.

The circle indicates roughly the position of the cluster on each day.
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Fig. 6.10. Spatial distribution of AOD on dzflkrent days fiom April 19 — 30, 2006
depicting the movement of the aerosol cluster, which is marked with a circle. Star denotes
the position of Sagar Kanya at 5:30 hrs UT C on the corresponding days.

To start with, the time series of AOD measured onboard the ship is examined during

the second half of April 2006. As seen from F ig.6.2, the Microtops measured AOD show a

gradual decrease from April 19 through 22, though with some fluctuations in between, due

to the passage of small aerosol patches across the ship’s position as can be seen in Fig.6.10.
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On April 22, 2006 when the major aerosol cluster appears first close to Maharashtra coast,

the ship is quite far in the westem part of the Arabian Sea, and measured value of AOD

(~0.l) is very small. As the ship moves towards (east) the west coast of India, the cluster

drifts toward south along the west coast. On April 25, when the cluster meets the ship near

the west coast, the AOD measured on the ship shows a significant increase"fFig76.2] witlr

values exceeding 0.4. By April 26, when the ship is almost within the core of the cluster,

the measured AOD also reaches the peak value (~ 0.7).

On subsequent days as the ship moves further northwards and the cluster moves

southwards, the AOD measured on the cruise decreases and subsequently reaches a low

value (<0.2) by April 28, 2006. The aerosol cluster which is moving southwards finally

reaches the southem tip of the peninsula and disperses by April 30, 2006. Meanwhile the

ship sails further northwards, to meet another relatively small aerosol patch (with low AOD

value) over the northem part of the Arabian Sea on April 29. Because of the influence of

this patch the AOD over the ship shows a small increase [Fig.6.2]. Subsequently as the ship

sails towards south west over a region where the MODIS measured spatial pattern shows a

relatively clean environment, the measured AOD onboard also shows a low value (on April

30). Thus the time series of AOD measured over the ship matches well with the MODIS

observed variations in the spatial map of AOD and the movement of the aerosol cluster.

To know the nature of particles within the aerosol cluster (observed during the

episode from April 22 — 28, 2006) and their possible source (of generation), the distribution

of coarse and fine mode components of AOD computed from MODIS data are examined.

The spatial maps of coarse and fine mode AODs on alternate days from April 23 to 27,

2006 are presented in Fig.6.] l(a) and (b) respectively. This figure shows that during the

initial phase, the aerosol cluster is dominated by the coarse mode particles. But, as the

cluster reaches the southem tip, where it remains nearly stationary for more than a day

(from ~ April 27 to 29, 2006), the contribution of fine mode increases at the expense of

coarse mode. In other words, as the cluster moves towards south along the west coast its

coarse mode content progressively gets depleted and the fine mode content (supplied by

the anthropogenic activities along the coast) increases.
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Fig. 6.11. Spatial distribution of fine mode AOD (a) and coarse mode AOD on alternate
days from April 23 — 29, 2006 during the episode of aerosol cluster

6.6.1 Role of dynamics in the formation, drift and dispersal of the
aerosol cluster

6.6.1.1 Formation of the cluster

A close scrutiny of the daily wind pattem and circulation variables on different

days, during the period of the episode reveals that on certain days the spatial pattern of

wind parameters deviate significantly from the mean pattem, especially at higher altitudes.

Figure 6.l2(a) — (c) show respectively the two day averages of AOD distribution, before

(April 19 and 20, 2006), dining (April 21 and 22, 2006) and afier (April 23 and 24, 2006)

the formation of the aerosol cluster near the coast of Maharashtra. Similarly, Fig.6.l2(d) —

(f) and (g) - (i), show respectively the corresponding wind vorticity and wind convergence

at 700 hPa level. A two day average is considered mainly because of the fact that, based on

the spatial pattem of AOD on different days, it is seen that the time taken for the

development of a major cluster from a small localized AOD fluctuation is of the order of

two days.
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Fig. 6.12. Spatial distribution of A OD averaged over for April I 9 and 20 (a) April 21 and
22 (b) and April 23 and 24, 2006 (c), vorticity at 700 hPa averaged over April 19 and 20
(d) April 21 and 22 (e) and April 23 and 24, 2006 (/), and convergence averaged over
April 19 and 20 (g) April 21 and 22 (h) and April 23 and 24, 2006 (i) over the Arabian
Sea.

As can be seen from Fig. 6.12 (d) to (f), the formation of the cluster can be

associated with the short term strengthening of an anticyclonic circulation over the west

coast of the peninsular region. The high winds associated with the anticyclone accelerate

particle flow from the Indian land mass towards the west coast. On entering the Arabian

Sea as wind tums northwards to meet the north westerlies from south Pakistan, at the

meeting points of the winds, a convergence develops and intensifies dining April 21 to 22,

2006 [Fig 6.12 (g) to (i)]. However, based on Fig. 6.13, an intense convergence does not
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exist at altitudes above and below 700 hPa level, which favours the proposition that the

short term enhancement of the anticyclonic circulation over the continent and the

subsequent convergence of winds at ~ 700 hPa level is mainly responsible for the formation

of the aerosol cluster around ~3 km altitude, off the Maharashtra coast.

Mean Convergence for Aprll 21 8- 22, 2006

600 hPa 850 hPa 925 hPa
30 °4

20 '1

10 ~t t60°E 70°E sows is .|°|  lI°E
day"

-0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.0 0.8

Fig. 6.13. Spatial distribution of wind convergence at altitudes 600 hPa (a), 850 hPa (b)
and 925 hPa (c) averaged for April 21 and 22, 2006.

The spatial distribution of the vertical winds at 925 hPa, just before the formation of

the cluster (April 19 and 20, 2006) shows a strong updraft (Fig.6. 14) over the Indian land

Vertical wlnd
925 hPaw’ N ' 0.1

0.02
20' N

-0.02

-0.U
10' N

p -0.1
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E

Fig. 6.14. Spatial distribution of vertical wind at 925 hPa over the Arabian Sea averaged
for April 19 and 20, 2006
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mass, especially the Thar Desert and over the dry regions of Pakistan. This strongly

suggests that the dust laden air uplifted from these regions and reaching the west coast

through higher altitude wind, has copiously contributed to the coarse particle abundance in

the cluster particularly, during the initial phase of its evolution, even though the

contribution from locally produced sub-micron particles (anthropogenic) from Maharashtra

sumo toto is not negligible [Fig.6.l 1].

6.6.1.2 Movement of the cluster along the west coast

From April 22, the aerosol cluster formed off the Maharashtra coast slowly drifts

[Fig.6.lO] towards south along the west coast. For sustaining the cluster all through its

movement, the wind convergence along its path should be sufficiently strong. But as seen in

Fig 6.5(a) in the latitudes south of ~ l7.5° N, the winds at 700 hPa are diverging and the

direction is not conducive for the southward movement of the cluster. This necessitates one

to examine the altitude structure of the wind field.

The wind convergence at 700, 850 and 925 hPa levels averaged during the period,

April 22 - 28, 2006 is presented in Fig.6.15(a), (b) and (c) respectively. The encircled

Convergence
TM hPa 850 hPa 925 hPa3°’ N s * .

0.420' N 0
-0.4

10' N

-0.8

E day-1

Fig.6.15. Mean spatial distribution of convergence at altitudes 700 (a), 850 (b) and 925
hPa (c) respectively during the cluster movement (April 22 - 28, 2006).

regions in these figures are the locations where the convergence is maximum (near the west

coast) at the respective altitudes. It is quite interesting to note that the position of the cluster
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on April 22 and 23 [Fig. 6.10] nearly coincides with that of the encircled region in

Fig.6.l5(a). Same is true on the subsequent days as can be seen from Fig. 6.15(b) and

6.15(c). This shows that the position of the convergence maximum descends in altitude

(from 700 to 925 hPa level) as the cluster moves southwards.

On examining the altitude profile of mean vertical wind in different latitude bands

[Fig.6.l6], each of 5° in width from 5° to 20°N, in the longitude region of 70° to 77.5°E

300 W5 no 0 10_8
Latitude range pl \.\

ea g 1s°m0 20°~  °\ 8'210°N to 15°01 _7 =,
7.5°N :0 12.5°N ‘K ‘ //‘5°N :0 10°u  .//
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0 ,’—’Z/"/ \ g‘ ‘Y/ Q I
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Fig. 6.16. Mean vertical wind profile over dijfirent latitudinal regions between 5 ° to
20 W, averaged over the longitude belt, 70 ° to 77.5 ° E, along the path of the aerosol
cluster. Note that the altitude scale on the left axis is shown in pressure levels and the
corresponding approximate values in km are shown on the right axis.

(the path in which the aerosol cluster moved), it can be seen that altitude at which the

vertical wind reverses its direction descends continuously as the cluster moves from north

to south. These features of circulation dynamics strongly suggest that the position of the

wind convergence that confines the aerosols, descends in altitude progressively as the

cluster moves towards south.

6.6.1.3 Dispersal of the cluster

On reaching the southem tip of the Indian peninsula, the aerosol cluster persists

nearly for two days (from April 28 to 29) and subsequently disperses very fast (within a

day). Figure 6.17 (a) and (b) respectively show the two day average of wind convergence
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and vorticity at 925 hPa over the Arabian Sea before and during the days when the aerosol

cluster dispersed. The left panels are the averages for the days April 27 and 28, 2006, when

the cluster is near the southem tip of the peninsula and the right panels are the averages

over the next two days, when the cluster got dispersed. It can be seen from F ig 6. 1 7(a) that

as the anticyclone over the Arabian Sea weakens on April 29 and 30, the low pressure near

the southem tip of the peninsula declines. This feature leads to a perceptible decrease in

prevailing convergence [Fig.6.l7 (b)] near the southem tip of the peninsula, leading to the

dispersal of the cluster.

Mean of Aprll 27 & 28 Mean of Aprll 29 & 30
(a) Vorticity at 925 hPa30°N1 1

Q8
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4&8
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Fig. 6.17. Spatial distribution of vorticity at 925 hPa averaged for April 27 and 28 and
for April 29 and 30, 2006 (a) and vorticity at 925 hPa averaged for April 27 and 28 and
for April 29 and 3 0, 2006 (b)

The above analysis clearly shows that the transport dynamics plays a major role in

the generation, movement and dispersal of the observed aerosol cluster during this episode,

delineating the importance of the atmospheric circulation in the spatial distribution of

aerosols.
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6.6.2 Evidences from Lidar observations in support of the transport
dynamics of aerosol cluster

ln the above, the exhaustive analysis of the wind system has brought out the fact

that the aerosol cluster descended in altitude as it drifted southwards. This hypothesis is

further checked using the altitude profile of aerosols measured near Trivandrum (8.5° N,

77° E) with an air-bome Lidar and ground-based Lidar measurements from Pune (l8.5° N,

73.7“ E). Lidar studies carried out at Pune during ICARB by Raj et al., [2008] have

reported the presence of an elevated aerosol layer at about 3 ~ 3.5 km altitude during the

campaign period, which is in good agreement with the altitude of strong convergence

identified in the present analysis (of wind field). It is also important to note that the

existence of such an elevated aerosol layer over the Arabian Sea was reported during the

Indian ocean experiment (INDOEX) conducted in the period, January to March, 1999 [Leon

et al., 2002; Welton et al., 2002], which was considered as the manifestation of upper level

transport of continental aerosols from Arabia, eastern Pakistan and the Thar desert where

the dust storm activity is very frequent during this period [Sikka, 1997; Jha and

Krishnamurthy, 1998; Rajeev er al., 2000].

During ICARB, aircraft sorties were carried out from different locations to study the

altitude structure of aerosols [Moorthy et al., 2008]. A Micro Pulse Lidar (MPL) was

canied onboard an aircraft exclusively for this purpose. Air sorties were conducted over to

the Arabian Sea on April 23, 2006 around 20:00 IST from Trivandnlm up to a distance of ~

350 km from the coast. The mean altitude structure of aerosol extinction coefficient

obtained from this sortie is presented in Fig. 6.l8(a). The spatial distribution of AOD from

MODIS and the convergence at 925 hPa from NCEP for the same day are also shown in

Fig. 6.l8(b) and (c) respectively. For generating the AOD map, the Aqua (equatorial

crossing time, 13:30 LMT) data on April 23, 2006 and Terra (equatorial crossing time,

10:30 LMT) data on April 24, 2006 are averaged to anive at a mean distribution for ~ 23:30

LMT on April 23, 2006 [Fig.6.l8(b)]. A small aerosol cluster near the Trivandrum coast

can be seen along with the major cluster (the dynamics of which is discussed in Sect.6.6)

positioned near the Goa coast. The altitude profile of aerosol extinction [Fig.6.l8 (a)] shows

a pronounced peak below l km where according to Fig. 6.l5(c) and 6.l8(c), the
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convergence is maximum. These Lidar observations at Ptme and Trivandrum thus suggest

that the elevated layer of aerosols descends in altitude as the cluster migrates towards south.

Aerosol vertlcal proflle MODIS AOD Convergence
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Fig. 6.18. Mean vertical profile of aerosol extinction coeflicient over the Arabian Sea
obtained within 350 km ojf the coast fiom Trivandrum, measured using air-borne MPL on
April 23, 2006 at ~20: 00 hrs IST (a) average of AOD data fiom Aqua on April 23, 2006 at
~ 13:30 LMT and Terra on April 24, 2006 at ~ 10:30 LMT , representing the AOD
distribution at ~ 23:30 LMT on April 23, 2006 (c) wind convergence at 925 hPa on April
23, 2006. The circled region in (c) indicates the region where the convergence is the
maximum in the western coast of peninsular India on April 23, 2006.

6.6.3 Supporting evidence from aerosol chemical analysis for the
source of aerosols in the cluster

With the wind field features discussed in the section 6.4, it is highly suggestive that

the aerosols in the cluster consist mainly of dust particles from the arid regions of north

westem India, southem Pakistan and Arabia (especially, in the formative stage) and also a

fraction of fine particles from the industries along the west coast of India (which dominates

in the later stages of the cluster). Chemical analysis is the most potential tool for source

apportionment. The chemical constitution of the aerosol cluster is examined using the data

on the chemical composition of aerosols collected onboard Sagar Kanya. This analysis

shows [George et al., 2008] abundance of crustal and pollution components in the aerosol

samples collected from the location of the cluster. The daily mean concentration of the

main crustal components (Aluminum and Iron) and the anthropogenic component

(Sulphates) on different days from April 22 to 28, 2006 are presented in Table.6.l along
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with the mean position of the ship on these days [Fig.6.l0]. It can be seen from this table

that as the ship approaches the aerosol cluster, the mass concentrations of Aluminium, Iron

and sulphates increase steadily, reaching a peak values on April 26 and 27, when the cluster

is closer to the ship. But the anthropogenic component is much larger than the crustal

components. Subsequently, as the ship moves away, the concentration of all these

components reduces. This indicates that the cluster was composed of cnlstal particles as

well as anthropogenic pollutants. Note that, the ship meets the cluster during the later phase

of its evolution, when the fine mode anthropogenic contribution (sulphates) dominates over

the coarse mode mineral dust (Aluminum and Iron).

Table 6.1. Daily mean concentration of the main crustal components (Aluminium and
Iron) and anthropogenic component (Sulphates) obtained from the chemical analysis of
aerosol samples collected onboard Sagar Kanya, during the period April 22 to 28, 2006.

Date W Ships mean position  Aluminium 7 Iron ~, Sulphates
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K 2410412006 L 11.00 ‘~ 64.87 M 0.418 ‘i 0.425 l 3.056
26/0412006; _ 11,03 _ ll 71.39 it 0.406 "70.4s7i“; 4.334755
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3127/04120061 13.97 ll 73.93 1.021 "1 1.069 I 7.679. 1 ,l
1 1

-5-}-7.4 _i

l .7 7 7 7 . 17 7 7 . 7 7‘. 7 7 7 7 .7 7 7 7 7 7 7 ..7-1* — 1 7 7 7" 7 7 7 7' * ‘ 7 7 ' ’ ' |1 ; 7 7 7
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6.7 Influence of wind convergence on AOD variations

6.7.1 Estimation of flux convergence

As seen from above, the spatial distribution of AOD is strongly influenced by the

wind convergence in the lower troposphere. In order to assess this relationship more

quantitatively, a correlation analysis is perfonned between the daily wind convergence at

different altitudes and the corresponding variations in AOD over the oceanic part of the

domain (5° - 25°N and 55° — 77.5°E). Appropriate variable considered for this analysis is

the flux convergence defined by,

1,, = -v. (av) (6.1)
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where {.3 is the aerosol extinction coefficient at a particular altitude and V is the vector wind

at that level. For the computation of fag, it is essential to know the altitude structure of

aerosols over the study domain during the period of analysis. This is derived from
CALIPSO data.

6.7.2 Aerosol extinction profile from CALIPSO

Following the procedure adopted for the BOB region (Chapter 5, Sect.5.8.2), altitude

profiles of aerosol extinction from CALIPSO (during the day time) over the study domain

(oceanic part within the region 5° - 25°N and 55° — 77.5°E) are averaged for the April 

May period of 2007 a.nd 2008 to arrive at a mean profile. From this profile, the extinction

coefficients at the pressure levels of NCEP are sealed out. Integrating this altitude profile

from the base to top, the AOD is estimated. The profile is further normalized by dividing

the value of B at different levels by this value of AOD. Figure 6.19 shows the mean altitude

profile of aerosol extinction coefficient thus obtained normalized with respect to the AOD,
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Fig. 6.19. Vertical profile of normalized extinction coeflicient derived from CALIPSO day
time passes over the domain (5 °- 25 °N, 55 °- 77.5 °E) averaged for the months April and
May of 2007 and 2008. Note that the altitude scale on the left axis is shown in pressure
levels and the corresponding approximate values in km are shown on the right axis.

156



Chapter 6

along with the standard deviations. Following the procedure adopted in Chapter 5,

Sect.5.8.2, this profile is approximated in terms of a model in the fomi

B. (Z) =1-11- <-=Xp( — Hi) (6.2)
where B“ is the normalized aerosol extinction coefficient at an altitude z and Ha is the scale

height whose value obtained through the best fit of the observed profile is found to be

4.3 km. Multiplying Eq.(6.2) with the AOD from MODIS, the altitude profile of aerosol

extinction coefficient at every pixel in the domain is reconstructed.

6.7.3 Association between the day-to-day variations in AOD and
wind convergence

Using the mean aerosol extinction profile and the NCEP winds, daily flux

convergence is computed at different altitudes [Eq.(6.l)] for a grid size of 2.5°x 2.5° over

the study domain on all the individual days during the campaign period. The pixel wise

flux convergence and change in AOD from the first day to the next in successive pairs

(Chapter 4, Sect.4.8) over the study domain are then averaged to estimate the daily mean

values. The altitude variation of the correlation between the AOD change (from one day to

the next) and flux convergence (average for the two days), shown in Fig.6.20, maximizes at.- i ii. pp., Wt -l.1 \400 F’- 4;’ 8.2/i
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Fig. 6.20. Correlation coeflicients between day-to-day AOD variations and flux convergence
at different altitudes. Note that the altitude scale on the left axis is shown in pressure levels
and the corresponding approximate values in km are shown on the right axis.
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700 hPa, with a value of 0.73 for the correlation coefficient, which is significant at >99%

level of significance. Above and below this level, the correlation decreases very fast. Figure

6.21 shows a time series plot of the day-to-day change in AOD and the corresponding

variation in flux convergence at 700 hPa level (at which the correlation is maximum).

These two parameters show a very good correspondence with each other, which suggests

that the variation in flux convergence around 3 km (corresponding to 700 hPa) is the major

factor influencing the observed variation of mean AOD over the Arabian Sea.
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Fig. 6.21 Time series plot of day-to-day AOD variation and flux convergence at 700 hPa
over the domain (oceanic part over 5 ° - 25 °N and 55 °— 77.5 °E ) in the Arabian Sea
during the second phase of ICARB. The coeflicient corresponding to the correlation
between the two is shown in the figure.

6.8 Estimation of aerosol source strengthover the Arabian Sea
Even though a major share of the AOD observed over this oceanic region is due to

aerosol advection from the surrounding land mass, the contribution from in situ production

may not be totally negligible since the surface winds are not too low at many places. To

identify the sources of possible sea-salt production over the Arabian Sea, the aerosol flux

continuity equation is solved by introducing the MODIS AOD data, NCEP winds and the

altitude profile of aerosol extinction. Figure 6.22 shows the distribution of source strength

(expressed in AODday") over the Arabian Sea, averaged for the entire campaign period.
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This shows that the aerosol source strength is quite significant over the north eastem

Arabian Sea (close to the coast of Pakistan) and to a lesser extent near the Mumbai coast.

Over the north eastem Arabian Sea region, aerosol source nearly coincides with the high

wind ( > 7ms'1) region close to the coast, seen in QuikSCAT ocean surface winds [Fig.6.4],

suggesting that the marine sea-salt generation is the most probable mechanism for the

observed increase in AOD. On the other hand, the source strength along the Arabian coast

is low compared to the north eastem part, even though the wind speed is quite significant.

This could be due to the inadequacies in the vertical aerosol extinction model or due to the

presence of some strong aerosol removal processes. Vertical downdraft could be one factor

responsible for such an aerosol loss. It is worth noting that, the vertical downdraft in the

lower altitude over this region, in fact is much stronger than that over the north eastern parts

[Fig 6.5(b)].
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F ig. 6.22. Mean source strength distribution over the Arabian Sea during the second phase
of ICARB.

Relatively weak but the well discernible source seen near the Mumbai coast cannot

be ascribed to marine aerosol production alone since the wind speeds here are not

sufficiently strong [Fig.6.4]. Aerosol source at this location then should mainly be due to

some anthropogenic activities, as this region is highly industrialized and has a few offshore

oil rigs (Mumbai high, at l9°N and 7l°E), which constantly give out emissions like smoke

and soot [Das and Mohan, 2003].
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6.9 Summary
The mean spatial distribution of AOD derived from MODIS over the Arabian Sea

during the second phase of ICARB (April 18 ~ May ll, 2006) shows high values over the

northern and south eastem Arabian Sea. In the northern Arabian Sea, more than ~ 60%

contribution to AOD is from coarse particles, while in the eastern parts on an average, both

fine and coarse particles contribute more or less equally. Over the mid Arabian Sea and the

south westem parts, even though the AOD values are low, the fine particles contribute to

more than 60%. The dynamics of aerosol transport during this period is investigated using

the NCEP reanalysis winds at different altitudes and the QuikSCAT derived ocean surface

wind. QuikSCAT surface wind indicates that the marine aerosol production over the

Arabian Sea is quite substantial in its northem part. Besides, dust transport from the arid

regions of Arabia is an additional mechanism which contributes to the observed high AOD

in this region. The lower altitude wind originating from the northern part of the Arabian

Sea, afier flowing along the industrialized west coast of peninsular India converges over the

south eastern Arabian Sea and gives rise to the high aerosol loading in this region. The

updraft in vertical wind over the land, north and east of the Arabian Sea, suggests the

possibility for an uplift of aerosol particles to higher altitudes where they are further

transported towards the Arabian Sea and subsequently brought down by the downdraft

prevailing in this region.

A close examination of aerosol distribution on a day-to-day basis reveals significant

variability in AOD during the campaign period. A comparison of AOD distribution

between the first (April 18 -30, 2006) and second (May l — ll, 2006) halves of the

campaign shows higher values of AOD over the central, eastern and north ea.stem par-tsof

the Arabian Sea during the second half. Over the central and eastern parts, the increase in

AOD is caused mainly by coarse particles even though the contribution from fine particles

is not insignificant. Over the north eastern Arabian Sea, the increase in AOD is mainly

caused by the influence of coarse particles. Since there is an increase in the surface winds

over this region during the second half, the increase in the contribution of coarse particles

could be due to enhanced generation of sea-salt. Over the central and eastem part of the

Arabian Sea, the increase in AOD is due to the southward shift of an anticyclonic
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circulation in the central Arabian Sea, which spreads the particles coming from Arabia

more towards these two regions. In the eastern parts, the intensification of lower altitude

convergence during the second half adds to the enhancement in AOD. Over and above, the

anticyclonic system over the Indian peninsula (at higher altitudes) strengthens during the

second half and accelerates the particle flow from the Indian land mass towards the central

and south western parts of the Arabian Sea, where the higher altitude convergence (and

subsequent downdraft) also becomes quite significant.

Analysis of small scale features on the daily AOD distribution reveals an interesting

episode of aerosol cluster formation on the west coast of peninsular India near to the

Maharashtra coast on April 22, 2006 and its subsequent movement towards south up to the

tip of the peninsula where it remains for more than a day and then decays rapidly by April

30, 2006. This cluster, though initially was composed mostly of coarse particles, picks up

anthropogenic particles from the industrialized west coast of India during its southward

transport to become fine particle dominated, by the time it reaches the southern end. Winds

at different altitudes are examined to seek the exact cause for the cluster formation. This

investigation shows that, it is a short term intensification of the wind convergence at ~ 700

hPa near the Maharashtra coast, resulting from the strengthening of the anticyclone over the

peninsular India that leads to the accumulation of aerosols and subsequent formation of the

cluster. The downward shift of the convergence maximum and the altitude of the vertical

wind reversal along the path of the cluster indicate that the cluster descends in altitude as it

moves towards south. The presence of an elevated layer at about 3 — 3.5 km reported by

Lidar observation at Pune and the detection of an aerosol peak at lower altitude (<1 km) at

Trivandrum during this period further provide an observational support for this inference.

An abrupt weakening of the lower level anticyclone over the Arabian Sea and the

convergence in the south eastern Arabian Sea finally leads to the quick dispersal of the

aerosol cluster near the southem tip of peninsular India. Chemical analysis of the aerosol

samples collected during the ICARB shows enhancement in the crustal components (like

Aluminum and Iron) and anthropogenic components (sulphates) in the cluster, when it is

closer to the ship. But the anthropogenic component is higher than the crustal component

indicating the predominance of fine particles when it approaches the southern end of the

Indian peninsula.
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A correlation analysis between the day-to-day variations in AOD and the flux

convergence at different altitudes over the Arabian Sea suggests that the flux convergence

around 3 km is the most influencing factor for the observed modulation in AOD. Estimation

of source strength using the aerosol flux continuity equation reveals the presence of

prominent sources over the north eastern Arabian Sea (along the Pakistan coast) and near

the Mumbai coast. Sea-salt production by surface winds is found to be the prime process for

the aerosol generation in the north eastern Arabian Sea. Near the Mumbai coast, where the

wind speed is rather low, the weak sea-salt production, coastal industrial activities and off

shore oil rigs together contribute to the aerosol source.
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Summary and Future Scope

7.1 Summary
The Indian subcontinent, with its unique location over the globe, is a region highly

influenced by the aerosols brought in from the surroundings through long range transport,

in addition to the locally generated aerosols. The diverse nature of aerosol sources and the

constantly changing transport pathways are the major factors responsible for the large

variability in aerosol properties and their spatial distribution observed in this region. The

present study mainly focuses on this very important, but relatively less explored aspect of

aerosol science, the dynamics of aerosol transport. The role of transport in the spatial

distribution and the temporal variability of aerosols are examined in detail at different sites

over the Indian region. A brief summary of each chapter, the major outcomes of the

research work and the scope for further investigations are described hereafter.

Chapter 1 provides an overview of atmospheric aerosols, their generation

mechanisms, physical and optical properties and possible radiative impacts. This chapter

contains a brief introduction on various techniques employed in aerosol measurements with

special emphasis on the space-bome remote instrumentation. A brief review of the space

bome aerosol sensors and their utility for studying aerosol transport dynamics are also

included in this chapter. This chapter concludes with an outline on the objectives of the

present study.
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A description of various sensors and the data products used for this study are

presented in Chapter 2. This includes aerosol products from MODIS (onboard Terra and

Aqua satellites), spectral AOD from Microtops, reanalysis winds and atmospheric humidity

from NCEP, and ocean surface winds from QuikSCAT. MODIS has the advantage of

having seven spectral channels for retrieving aerosol properties over the land and the ocean.

This data includes information on AOD and aerosol size distribution. With the combined

data from Terra and Aqua, the spatial coverage accomplished by MODIS is beyond

comparison with any other sensor. The different algorithms adopted for aerosol retrieval

over the land and the oceans are described in this chapter. The working principle of

Microtops sunphotometer whose AOD data is utilized for assessing the accuracy of MODIS

retrieved AOD, is also discussed. NCEP reanalysis provides infonnation on different

meteorological parameters like wind and relative humidity (globally) at different pressure

levels. MODIS derived aerosol parameters and NCEP data are effectively utilized to

investigate the role of atmospheric circulation (convergence, vorticity and up/downdrafts)

and relative humidity on the day-to-day variation of AOD. Further, by incorporating the

wind and AOD data into an aerosol flux continuity equation, major sources/sinks of

aerosols can be identified. These methodologies are described in this chapter. A major

source of aerosols over the ocean is the in-situ production of sea-salt by ocean surface

winds. In the present study, QuikSCAT derived winds are used for estimating sea-salt

production over the ocean. The method of detection of ocean surface winds by QuikSCAT

sensor is also described in this chapter.

Subsequent four chapters are devoted for explaining the study of aerosol transport

dynamics at different locations (over the land and the ocean) at different periods of the year,

carried out as part of this research work. Aerosol flux continuity equation is used to

delineate the major sources of aerosol in different contexts and the results evolved from the

studies are presented.

Chapter 3 deals with the spatio-temporal variations of aerosol distribution over the

Ganga Basin during the winter period, when ISRO-GBP Land Campaign-II was carried out

in this region in December, 2004. The main objective of this campaign was the

characterization of aerosols over the lndo-Gangetic Plain during the winter season when the

occurrences of fog and haze are very frequent all along this region. The role of transport

dynamics governing the day-to-day variations of AOD in this region is examined in detail
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and the major findings are described in this chapter. Prevailing low pressure and the wind

convergence in the lower troposphere (below l km) during the winter months are found to

be conducive for the increased aerosol loading in this region. Wind convergence is the main

mechanism responsible for the day-to-day variation in AOD. By solving the flux continuity

equation with AOD data from MODIS and NCEP winds, with an appropriate sink model,

realistic information on the prevailing aerosol sources over the Ganga basin are delineated.

Emission from thermal power plants located in this region is found to be a major

mechanism for aerosol generation in this region.

A detailed study on the aerosol transport over the South East Arabian Sea (SEAS)

during the pre-monsoon period of 2003 (when the Arabian Sea Monsoon Experiment,

ARMEX-II was conducted over this oceanic region, March 14 -— April 10, 2003) and its

influence on the time variation of the spatial distribution of AOD in this region are

discussed in Chapter 4. The high value of AOD observed over the SEAS, during this

period is mainly caused by the accumulation of aerosols in the lower troposphere due to the

wind convergence in this region. Short term temporal variation in AOD in this region is

caused by the drifting of aerosol clusters from north to south along the Indian west coast.

On reaching the southem end of the peninsula, these clusters get dissipated. The episodic

enhancement and decay of AOD observed onboard Sagar Kanya, during the campaign

could be well correlated with the temporal evolution of a southward moving prominent

aerosol cluster. The fine mode fraction (FMF), Angstrom exponent, QCM measured surface

mass concentration and the prevailing wind system reveals that this cluster is mainly

composed of mineral dust transported from the Arabian deserts. A partial correlation

analysis of the day-to-day variation in AOD with flux convergence, surface wind speed and

relative humidity shows that the episodic enhancement and decay in the AOD can be

mainly attributed to the variations in wind convergence in the lower troposphere (below ~ l

km), over the SEAS. The analysis also indicates that in addition to the dust particles, marine

aerosols produced in the upwind region advected over to the ARMEX domain also
contributes to a certain extent for the observed AOD variations.

Chapter 5 deals with the mechanism of aerosol transport over the Bay of Bengal

(BOB) during the pre-monsoon season. This study is carried out as a part of the first phase

of ICARB campaign under the ISRO-GBP during March 18 — April 12, 2006 period.

During this campaign, measurements on different aerosol parameters were carried out. The
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aerosol loading is found to be largest in the northem and north western parts of BOB, which

decreases towards the central and southern parts. Aerosols over the BOB are mostly

composed of fine mode particles except near the Head B0B where the contribution from

fine and coarse particles is more-or-less the same. A detailed analysis of wind field reveals

that the fine and coarse particles from West Asia, north westem and central India and the

Indian east coast are the principal contributors to the high aerosol loading over the BOB.

Even though the prevailing anticyclonic circulation near the surface (over the BOB)

impedes the direct flow of aerosols from the main land to the B0B, winds at higher altitudes

over the main land (~3 km) is conducive for the aerosol transport over to the BoB. The

prevailing wind convergence at these altitudes over the B0B favours an accumulation of

particles and subsequent subsidence due to the prevailing downdraft. A quantitative

comparison of the day—to-day variation in AOD during the campaign period with the

circulation parameters reveals that the wind convergence and vorticity around 500 —- 600

hPa level are the main factors governing the variations in AOD. A detailed analysis of an

episode involving the formation and decay of an aerosol cluster during March 22 - 25, 2006

reveals that a short lived variation in atmospheric circulation features over the Arabian Sea,

the Indian land mass and the B0B are mainly responsible for the observed AOD variation

over the northem BoB region. In-situ production of aerosols over the BOB estimated using

the flux continuity equation shows weak sources along the east coast of India, which agrees

well with the spatial distribution of the contribution of sea-salt estimated from QuikSCAT

sea surface wind speed.

Transport dynamics of aerosols over the Arabian Sea during the pre-monsoon

period (second phase of ICARB, April 18 — May ll, 2006) is detailed in Chapter 6. The

high AOD over the northern parts of the Arabian Sea is mainly due to coarse particles. The

most probable sources of these particles are sea-salt aerosols generated by sea surface wind

and the direct transport of soil dust from the arid regions of Arabia. On the other hand, the

high values of AOD over the south eastem Arabian Sea can be attributed to the influence of

transport dynamics. The soil dust advected from the arid regions of Arabia by the

north/north westerly wind, mixed with the anthropogenic emissions from the industrialized

west coast (of India), accumulated by the convergence prevailing over the south eastern

Arabian Sea is mainly responsible for the significant increase in AOD observed in this

region. Analysis of AOD during the campaign shows the formation of an intense aerosol
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cluster, off Maharashtra coast, which moves southward on the subsequent days and

disperses finally near the tip of the Indian peninsula. The genesis of the cluster is triggered

by a short term intensification of an anticyclone at higher altitudes and subsequent

convergence near the west coast of Indian peninsula. A detailed analysis of prevailing

transport reveals that the cluster descends to lower altitudes as its moves southwards under

the influence of wind field in all the three dimensions. The descending of aerosol cluster in

altitude is further supported by the direct measurements on the altitude distribution of

aerosols measured over Pune and Trivandmm. The aerosol cluster found to be initially

dominated by coarse particles, becomes fine mode dominated as it reaches the southern tip

of the peninsula (where it gets dissipated). The chemical analysis of aerosol particles just

before its dispersal reveals significantly large amount of anthropogenic aerosols along with

measurable contribution of crustal aerosols. It is also found that the day—to-day variation in

AOD over the Arabian Sea in general, is predominantly govemed by the wind convergence

at altitudes around 3 km. Estimation of aerosol source strength reveals significant
contribution from the north eastern Arabian Sea near Pakistan coast due to the sea-salt

production by the surface winds. The anthropogenic contribution from the industrial

emissions along the west coast including the emissions from ‘Mumbai High’ is responsible

for the source observed near the Mumbai coast. However, the sea-salt contribution is rather

small in this region.

The present study clearly brings out the influence of transport dynamics on the

aerosol distribution over the Indian region at a few selected geographically distinct

locations. Over the Bay of Bengal the dominant pathway of aerosol transport during the

pre-monsoon period is through higher altitudes (~ 3 km); directed from the Indian main

land. In contrast, the aerosol pathways over the Arabian Sea during the same period are

quite complex. They are directed from geographically different environments around the

ocean through different altitudes. However in general, the day-to-day variability of AOD at

both these regions is significantly influenced by the features of atmospheric circulation

especially, the wind convergence at higher altitudes (around 3 km). Over the Ganga Basin

during the winter period, the wind convergence at lower altitudes (< I km) govems the

shon term variations in AOD, while the mean AOD distribution at this location is mainly

governed by the local anthropogenic sources.
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7.2 Scope for future investigation
The thesis highlights the role of transport dynamics in the spatial distribution of

aerosols and their temporal variabilities. This theme opens up a new phase in the study of

aerosols and has broadened the areas for further investigations.

A critical requirement for the investigation of aerosol transport is the altitude

distribution of aerosol concentration over the domain of interest during the period of study.

In the present study, due to the non availability of realistic (measured) aerosol profiles,

either model profiles are used or profiles are generated over the study domain for the

corresponding seasons from the available CALIPSO data during a later period. The lack of

realistic profiles could possibly introduce uncertainties in the estimated source strength. A

more realistic estimation could have been achieved if CALIPSO data for the campaign

periods was available. This emphasizes the need of well-coordinated campaigns (similar to

ICARB) in future, during which extensive profile measurements are also available. Over

and above, the present study should be extended to other regions and other seasons and for

more duration. This will be useful in addressing other complex features such as the

influence of inter-seasonal (annual) and inter-annual variabilities in transport dynamics on

aerosol distribution and source strength.

By introducing appropriate aerosol parameters and source distribution along with

reanalysis data into regional climate models, numerical experiments could be carried out to

identify the physical processes involved in the transport of aerosols influencing regional

weather and climate.
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